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Abstract
This thesis describes the charge transport and spectral properties of light-emitting field-
effect transistors with regard to their components and in combination with plasmonic
nanoantennas and planar microcavities.
Ambipolar field-effect transistors emit light by recombination and radiative relaxation
of charge carriers in a semiconducting material. The injection and transport of both
types of charge carriers, electrons and holes, is a prerequisite for light emission. Donor-
acceptor copolymers and semiconducting single-walled carbon nanotubes fulfill this
criterion, provide high charge carrier mobilities and exhibit near-infrared emission due
to a narrow bandgap. Comparing several polymers with similar backbones reveals a de-
creasing emission efficiency with a decreasing bandgap, as well as electroluminescence
quenching in the recombination zone due to the presence of charge carriers.
High brightness as a result of high currents is not only attributed to a highmobility of the
semiconductor, but also to the high carrier densities supported by the gate dielectric and
charge injection by the electrode material. A hybrid dielectric of a metal oxide with high
permittivity and a thin polymer interlayer with low trap density enables high currents
at low operating voltages. Electrodes made of a thick carbon nanotube film exploit
the one-dimensional properties of carbon nanotubes in order to decrease the resistance
for charge injection for a wide bandgap polymer semiconductor. Semiconducting
carbon nanotubes do not benefit from this effect due to their high mobility. Thus,
each component of the transistor is investigated in order to tune the charge transport
properties, the emission spectrum and the light output intensity.
Combining plasmonic nanostructures or microcavities with a light-emitting transistor
enables the manipulation of the spectral properties of the device without replacing
the emitting material. The coupling of the emitter’s excitons to the localized plasmon
resonances of randomly arranged colloidal nanoantennas is visualized by photolu-
minescence and electroluminescence enhancement. In addition to localized plasmon-
polaritons, the regular arrangement of nanoantennas in a plasmonic crystal creates
plasmonic surface lattice resonances. Angle-dependent emission as a result of the pe-
riodicity corroborates the coupling of the plasmonic crystal’s lattice resonance with
the excitons of the polymer or carbon nanotube emitter. Similarly, angle-dependent
emission is created by placing the transistor inside a Fabry-Pérot microcavity. In each
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case, the resonator size determines the emission wavelength, while the observed lumi-
nescence enhancement addresses the low efficiency of the near-infrared emitter.
Moreover, strong coupling occurs between the microcavity photons and excitons for
the polymer and nanotube emitters, creating quasi-particles called exciton-polaritons.
The coupling strength of the exciton-polaritons can be tuned by the cavity size and
quenched by charge accumulation. In all three cases of random nanoantennas, plas-
monic crystal and microcavity, the charge transport is not affected by the presence of
the resonator. Thus, it could be shown that the light-emitting transistor represents a
suitable architecture for creating electrically pumped plasmons and exciton-polaritons
at high current densities.
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Kurzfassung
Diese Arbeit "Elektrolumineszenz in lichtemittierenden Transistoren mit plasmonis-
chen und optischen Kavitäten – Ladungstransport, Emissionsverstärkung und starke
Kopplung" beschreibt den Ladungstransport und die spektralen Eigenschaften von
lichtemittierenden Feldeffekttransistoren in Bezug auf ihre Komponenten und in Kom-
bination mit plasmonischen Nanoantennen und planaren Mikrokavitäten.
Ambipolare Feldeffekttransistoren emittieren Licht durch die elektrische Rekombination
und den strahlenden Zerfall von Ladungsträgern in einem halbleitenden Material.
Die Injektion und der Transport beider Arten von Ladungsträgern, Elektronen und
Löchern, ist eine Voraussetzung für die Lichtemission. Donor-Akzeptor-Copolymere
und halbleitende einwandige Kohlenstoff-Nanoröhrchen erfüllen dieses Kriterium,
bieten eine hohe Mobilität und weisen aufgrund einer kleinen Bandlücke eine Emission
imNahinfrarotbereich auf. Der Vergleichmehrerer Polymeremit ähnlichenHauptketten
zeigt eine abnehmende Emissionseffizienz bei abnehmender Bandlücke sowie durch
Ladungsträger bedingte Elektrolumineszenzauslöschung in der Rekombinationszone.
Hohe Helligkeit in Folge hohe Ströme wird nicht nur durch hohe Ladungsträgermo-
bilitäten des Halbleiters bestimmt, sondern auch durch die hohe Ladungsträgerdichte
aufgrund des Gate-Dielektrikums und die Ladungsträgerinjektion des Elektroden-
materials. Ein Hybrid-Dielektrikum aus einem Metalloxid mit hoher Permittivität
und einer dünnen Polymerzwischenschicht mit geringer Trap-Dichte ermöglicht hohe
Ströme bei niedrigen Betriebsspannungen. Elektroden, bestehend aus dicken Filmen
aus Kohlenstoff-Nanoröhrchen, nutzen deren eindimensionalen Eigenschaften, um den
Widerstand der Ladungsinjektion in einen Polymerhalbleiter mit großer Bandlücke
zu verringern. Halbleitende Kohlenstoff-Nanoröhrchen profitieren aufgrund ihrer ho-
hen Mobilität nicht von diesem Effekt. Es wird also jede Komponente des Transistors
untersucht, um die Ladungstransporteigenschaften, das Emissionsspektrum und die
Lichtstärke abzustimmen.
Die Kombination plasmonischer Nanostrukturen oder Mikrokavitäten mit einem
lichtemittierenden Transistor ermöglicht die Manipulation der spektralen Eigenschaften
des Bauteils, ohne das emittierende Material zu ersetzen. Die Kopplung der Emit-
terexzitonen mit den lokalen Plasmonenresonanzen von zufällig angeordneten Nanoan-
tennen wird durch Photolumineszenz- und Elektrolumineszenz-Verstärkung visual-
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isiert. Neben lokalen Plasmon-Polaritonen erzeugt die regelmäßige Anordnung von
kolloiden Nanoantennen in einem plasmonischen Kristall plasmonische Oberflächen-
gitterresonanzen. Die durch die Periodizität bedingte winkelabhängige Emission
bestätigt die Kopplung der Gitterresonanz des plasmonischen Kristalls mit den Exzi-
tonen des Polymers oder des Kohlenstoff-Nanoröhrchen-Emitters. Ebenso wird eine
winkelabhängige Emission durch Kombination des Transistors mit einer Fabry-Pérot-
Mikrokavität erzeugt. In jedem Fall bestimmt die Resonatorgröße die Emissionswellen-
länge, während die beobachtete Lumineszenzverstärkung die niedrige Effizienz des
Nahinfrarotemitters verbessert.
Darüber hinaus findet eine starke Kopplung zwischen den Photonen der Mikrokavitä-
ten und den Exzitonen für die Polymer- und Nanoröhrchenemitter statt, wodurch
Quasiteilchen, sogenannte Exziton-Polaritonen, entstehen. Die Kopplungsstärke
der Exziton-Polaritonen kann durch die Resonatorgröße abgestimmt und durch
Ladungsakkumulation ausgelöscht werden. In allen drei Fällen der zufällig ange-
ordneten Nanoantennen, des plasmonischen Kristalls und der Mikrokavität wird der
Ladungstransport durch die Anwesenheit des Resonators nicht beeinflusst. Somit kon-
nte gezeigt werden, dass der lichtemittierende Transistor eine geeignete Architektur
zur Erzeugung elektrisch gepumpter Plasmonen und Exziton-Polaritonen bei hohen
Stromdichten darstellt.
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1. Introduction
More than ever, our daily lives are defined by electronic devices as means of communi-
cation, storage of knowledge, controlling processes and providing effects for creative
artwork. Since the patent of the first field-effect transistor (FET) in 1926 by Lilienfeld
and Heil and the explanation and practical demonstration of the underlying field-effect
by Bardeen, Schockley and Brattain in 1947, the FET has become the essential component
for microprocessors.
In the 2000’s, micro- and nanostructures of dielectrics and metals have been devel-
oped to modify light in a similar manner in which electronic devices modify electrical
current. The near-field interaction of light and plasmons in metal nanostructures led
to manifold geometries for plasmonic light concentration and manipulation,1 such
as plasmonic waveguides2,3, lenses2,3 and even lasing in plasmonic nanocavities.4
Simultaneously, planar Fabry-Pérot microcavities, well-known for laser cavities,5 have
been successfully employed for strong coupling and the creation of exciton-polaritons.6
These quasi-particles showed rectifying properties in a polariton optical transistor.7
Most prominently, the formation of a Bose-Einstein-condensate8,9 led to polariton lasing
with a threshold below conventional lasing by population inversion.10,11 However,
usually the aforementioned phenomena were optically pumped and their integration in
electronic devices is in its infancy.
The light-emitting transistor represents an optoelectronic hybrid device that combines
the properties of a transistor and a light-emitting diode and that might bridge the gap
between electric circuitry and optically pumped devices. Since the nearly simultane-
ous invention of a light-emitting bipolar transistors with an inorganic heterojunction
emitter12 and a light-emitting field-effect transistor (LEFET) with an organic molecu-
lar thin film emitter,13 numerous advances in the composition and performance have
been achieved.14–16 An LEFET with optimized injection layers exhibited even higher
efficiencies than its analogous organic light-emitting diode (OLED).17
The most common electrically pumped light sources that can be coupled with and
improved by optical resonators are still OLEDs. In OLEDs, often merely the scattering
properties of metallic nanostructures are exploited for light outcoupling, e.g., by random
nanoparticles18 or by corrugated electrodes19, without taking advantage of the near-
field interaction between emitter and antenna. Only when the nanoparticles20 or
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nanorods21 are deposited directly adjacent to the emission layer, enhancement of the
light emission via the Purcell effect takes place. Regarding microcavities, the sandwich
nature of an OLED already forms a planar cavity that influences the radiative decay
rate of the emitter. Through optimization of the individual layer thicknesses, a white
light OLED22 and electrically pumped strong coupling23 were achieved. It seems
reasonable that these techniques can also be applied to LEFETs and while dielectric
waveguides were implemented in LEFETs,24 electrical pumping of plasmonic antennas
or microcavities in LEFETs has not yet been accomplished. The integration of these
resonators in LEFETs promises a better control and separation of the impact on charge
transport and emission enhancement. They would also enable the combination of
electronic and photonic functions in a single device, which is a focus of recent research.25
The key to well-performing LEFETs is an emissive and semiconducting material that
exhibits high and balanced charge carrier mobilities, as demonstrated by donor-acceptor
polymers or single-walled carbon nanotubes.26–29 They emit in the near infrared range,
which is used for quality control in the pharmaceutical and food industry,30–32 deep
tissue imaging in the second biological window (840-1680 nm),33 SiO2-based fiber-optic
communication (1550 nm)34 and night vision.35 The optical properties of polymers
and carbon nanotubes, such as large absorption cross section, high oscillator strength
and large exciton binding energy, are beneficial for the interaction with plasmonic and
microcavity resonators. They can also be processed from solution at low temperatures
and low cost.
Thus, the charge transport and optical properties of donor-acceptor polymers and single-
walled carbon nanotubes make them suitable emitter materials for the integration with
LEFETs and the combination with plasmonic and microcavity resonators.
In Chapter 2, I briefly summarize the current knowledge, concepts, mechanisms and
equations that are relevant for the following chapters. I start by describing the field-
effect transistor and its charge transport properties, and continue with the light-emitting
field-effect transistor (LEFET) and its light emission properties. Furthermore, the main
emissive and semiconducting materials used in this work, donor-acceptor copolymers
and single-walled carbon nanotubes, will be introduced. A brief derivation of the
resonance of plasmonic nanoantennas will lead to the resonance conditions of plas-
monic crystals and Fabry-Pérot microcavities. The Purcell effect is motivated and its
applications will be explained before the chapter concludes with a section on strong
coupling between light and excitons.
Chapter 3 details all materials and processing steps and equipment that were used
to fabricate the devices. The methods for device characterization are categorized and
thoroughly described. The performed optical simulation and modeling is summarized
only briefly, as it is not the center of this work. Every subsequent chapter contains a
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“device layout” section that summarizes the fabrication of the relevant devices, referring
to Chapter 3 frequently.
Chapter 4 is divided into two parts: The first part concerns the replacement of a thick
polymer dielectric with a thinner hybrid dielectric composed of an oxide and a thin
polymer interlayer. The properties of the respective capacitors and the impact on
charge transport and light emission in LEFETs is discussed. The second part discusses
electrodes made of a thick carbon nanotubes film in comparison to standard metal
electrodes. LEFETs with a wide bandgap polymer and SWNTs are analyzed with both
types of electrode.
Several semiconducting polymers that were used as the light-emitting layer of LEFETs
are discussed in Chapter 5. Their charge transport, spectral properties and emission effi-
ciency are compared in order to select a suitable emitter for the following experiments.
Possible exciton quenching mechanisms are considered with regard to unipolar and
ambipolar charge accumulation and transport.
After having investigated and optimized each component of an LEFET, Chapter 6
introduces colloidal gold nanorods as randomly oriented plasmonic antennas into
the channel of an LEFET. The enhancement of emission intensity via the Purcell ef-
fect and its spectral resolution is used to describe the coupling between the surface
plasmon-polaritons of the nanorods and the excitons of the polymer emitter. The local
enhancement factor is deduced from the average enhancement. I describe the variation
of several device layout parameters of the nanorod-LEFETs and their effect on the
enhancement factor.
In Chapter 7, replacing random nanorods with a plasmonic crystal of Au nanodisks
advances the localized surface plasmon resonances to surface lattice resonances. The
angle-resolved spectral features of the photo- and electroluminescence enhancement
are analyzed in order to evaluate the coupling with the excitons of the polymer and the
carbon nanotube emitter. The angle-integrated spectra are discussed in terms of spectral
tuning. In addition, the effects of three plasmonic crystals in a single transistor channel
are investigated with regard to their suitability for selective addressing of plasmonic
structures.
Chapter 8 discusses the effect of planar Fabry-Pérot microcavities on the light emission
of LEFETs and demonstrates strong coupling and electrical pumped exciton-polaritons.
The photo- and electroluminescence spectra of these devices are angle-resolved in order
to evaluate the coupling strength with a coupled oscillator model. Further, the ability to
tune the emission peak and angular color shift of strongly coupled exciton-polaritons is
evaluated by changing the cavity geometry and charge carrier density. A systematic
analysis of the emission efficiency reveals implications for the microcavity tuning in
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order to maximize exciton-polariton relaxation and emission. Chapters 6, 7 and 8
include charge transport analysis of the respective LEFETs in order to study the effect of
these plasmonic resonators and microcavities on the transistor performance.
Finally, Chapter 9 summarizes the results and draws conclusions from the successful
integration of optical resonator structures in light-emitting transistors. An outlook
suggests further steps to be taken for a better understanding of the advantages and
limits of integrating plasmonic and photonic resonators in LEFETs.
4
2. Background
2.1. Organic Field-Effect Transistor
A field-effect transistor (FET) is composed of three terminals (source, drain and gate
electrode), a semiconductor and a gate dielectric (Figure 2.1a). Upon the application
of a sufficient gate voltage (relative to the source and drain voltage), i.e., the transla-
tion of a sufficient electric field by the gate dielectric, charges are accumulated at the
semiconductor-dielectric interface, as described by the field-effect. The semiconductor
transports charges in the "channel" from the source to the drain electrode once a lateral
field is applied by a source-drain voltage. The applied voltage at the gate electrode
thus modulates the current flow. All transistors in this thesis are thin film transistors
with a top gate/ bottom contact architecture. The source-drain electrodes that define
the channel length (L) and width (W) are placed on the substrate and covered with
the semiconductor layer, followed by the dielectric layer and gate electrode. Three
further ways to arrange these components in an OFET are: bottom gate/ bottom contact,
bottom gate/ top contact, top gate/ top contact. At least the semiconductor must be an
organic material for the FET to be classified as an organic field-effect transistor (OFET).
While much of the theory covered in this section applies equally to FETs with inorganic
semiconductors, the discussion focuses on OFETs.36,37
(a) (b) (c) (d) (e)
Figure 2.1.: Field-effect transistor regimes. (a) Components of a FET. (b) Capacitor mode.
(c) Unipolar linear regime. (d) Unipolar saturation regime. (e) Ambipolar regime.
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(a) (b)
(c) (d)
Figure 2.2.: Organic field-effect transistor transport characteristics. (a) Transfer character-
istics (constant Vd). (b) Output characteristics (constant Vg). (c) Constant current charac-
teristics (constant Id) and (d) corresponding transfer sweeps to visualize the drain voltage
progression in (c). Semiconductor: DPPT-BT. Dielectric: PMMA-HfOx.
Typically, charge transport in OFETs is characterized via two types of measurements:
the transfer and output current-voltage characteristics. The transfer characteristics
describe the change of the drain current Id during a sweep of the source-gate voltage
(short: gate voltage Vg) for a constant source-drain bias. The output characteristics
describe the drain current Id versus source-drain voltage (short: drain voltage Vd) at
different constant gate voltages. A gate leakage current Ig from source or drain through
the dielectric always exists, but should remain at least three orders of magnitude below
Id for working OFETs. Thus, the injected source current matches the extracted drain
current: Is = −Id.36
Organic semiconductors are usually undoped and hence show very low conductivity
without induced charge carriers by an external gate field (in a transistor), electrochemical
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doping (via an electrolyte, e.g., an ionic liquid) or chemical doping (via reducing or
oxidizing doping molecules). Therefore, OFETs are in an off-state when no source-gate
bias is applied (normally-off or accumulation mode). Upon the application of a positive
Vg while keeping the source and drain electrode grounded, negative charge carriers
are injected from the source electrode into the semiconductor.38,39 A gate voltage of
Von (onset voltage) must be applied to overcome the energy barrier at the electrode-
semiconductor interface and the vertical resistance of the semiconductor. Charge carriers
accumulate at the semiconductor-dielectric interface (capacitor mode in Figure 2.1b).
The onset voltage can be extracted from the gate voltage at which the drain current rises
above the off-plateau in the transfer curves (grey in Figure 2.2a).36
A common approximation assumes that the channel length L is significantly larger than
the dielectric film thickness (gradual channel approximation), thus the electric field of
the gate is significantly larger than the lateral field. Applying a small bias to the drain
electrode Vd < Vg will lead to a drain current Id from the source to the drain. However,
as long as Vg stays below the threshold voltage Vth, i.e., in the subthreshold regime
Von < Vg < Vth, the charge carriers will be immobile in trap states or tail states. The
reciprocal slope of log10(Id) versus Vg, the so called subthreshold swing SS =
dVg
d(log10(Id))
,
describes the density of interface traps Ntrap:38,40
Ntrap =
C
e2
·
(
SS · e
ln(10) · kB · T − 1
)
(2.1)
Here the dielectric capacitance C, the elementary charge e and the thermal energy at
room temperature kB · T are used. Only after raising Vg above Vth the majority of the
injected charge carriers are not trapped but mobile and the drain current increases
substantially.41,42 It is assumed from hereon that the mobility µ is independent of Vg.
The local potential along the channel changes linearly at low Vd and the drain current
increases with Vd and Vg (Figure 2.1c), resulting in a unipolar linear current that is
described by:43
Id = µlin · C · WL
((
Vg −Vth
)
Vd −
V2d
2
)
(2.2)
under the conditions of Vg > Vth,e and Vd ≤ (Vg−Vth,e). C describes the areal dielectric
capacitance, W the channel width, L the channel length and µlin the linear mobility
of holes or electrons. The last term V
2
d
2 is negligible for small Vd and thus Id scales
linearly with the drain voltage Vd and the effective gate voltage Vg −Vth. A measured
transfer curve in this linear regime (red in Figure 2.2a) at high Vg can be employed to
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extract the linear mobility from its slope as can be seen by using the differential form of
Equation 2.2:43
µlin =
(
∂Id
∂Vg
)
· L
W · C ·Vd (2.3)
Alternatively, the slope of the linear increase of Id withVd at highVg, taking into account
Vth, in an output curve (red in Figure 2.2b) can be used to extract µlin. Either way, the
linear regime requires an ohmic contact between the semiconductor and the charge
injecting electrode. In case of a significant energy barrier due to a Schottky contact,
contact, i.e., energetic offset between the work function of the metal and the HOMO or
LUMO level of the semiconductor, Id does not change linearly with Vd but follows an
exponential diode-like relationship.44 In this case, the extraction of µlin from a transfer
curve is meaningless.45,46
Upon further increase of Vd at a constant Vg, the output characteristics deviate from
the linear progression. Eventually, a pinch-off of the curved potential occurs in the
channel at Vd = Vg −Vth. No charges can be accumulated close to the drain electrode
and hence Id cannot increase further, it saturates. This is the unipolar saturation
regime (Figure 2.1d). The current Id is independent of Vd, but not of Vg (dark green in
Figure 2.2b and 2.2a).43
Id = µsat · C · W2 · L
(
Vg −Vth
)2 (2.4)
From Id in the saturation regime (highVd andVg), one can extract the saturationmobility
of the OFET from the transfer characteristics according to either of two equations:43
µsat =
(
∂
√
Id
∂Vg
)2
· 2 · L
W · C =
(
∂2 Id
∂V2g
)
· L
W · C (2.5)
Depending on the device the highest obtainable current (usually at high Vd and Vg)
within the measurement range is called the on-current. From the on-current, the on-
conductance Gon is normalized by the channel width:
Gon
W
=
Id,max(Vg,max)
Vd ·W (2.6)
The on/off ratio is calculated from the on-current relative to the current in the off-state
(usually at low Vg).
Vth can be extracted from transfer characteristics in the linear and saturation regime.
From the low Vg end of the linear regime transfer characteristics, Vth is obtained by a
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linear extrapolation to Id = 0. In the saturation regime, the procedure is applied to a√
Id versus Vg plot.47,48
When the relative gate potential at the drain electrode (Vd −Vg) exceeds the threshold
voltage for the injection of holes by the drain electrode becomes possible, entering the
ambipolar regime (Figure 2.1e). In one part of the channel holes are accumulated and
in the other electrons. At the point where the two channels meet the charge carriers
recombine (recombination zone). At this point, the curved potential is zero43 and the
charge carrier density exhibits a minimum.17 The transfer characteristics display a
combination of unipolar hole and electron curves with a characteristic v-shape (yellow
in Figure 2.2a). The output characteristics exhibit a superlinear increase in Id beyond
the saturation plateau (yellow in Figure 2.2b). The ambipolar current at Vg > 0, under
the conditions of Vg > Vth,e, Vg −Vd < Vth,h and Vd ≥ (Vg −Vth,e), is described by:43
Id =
W · C
2 · L
(
µsat,e ·
(
Vg −Vth,e
)2
+ µsat,h ·
(
Vg −Vd −Vth,h
)2) (2.7)
Importantly the injected hole current at the drain and the injected electron current at
the source are equal in this ambipolar regime. The v-shaped transfer characteristics in
ambipolar OFETs at high Vd mean also that these do not turn off at any Vg, enabling
to sweep Vg at constant Id (constant current characteristics), while recording the corre-
sponding Vd (Figure 2.2c). The triangular shape of the constant current characteristics
originates in the fact that a higher Vd is required to sustain the selected Id when ap-
proaching the ambipolar regime, whereas a sudden drop in Vd occurs once Vg becomes
high enough for a unipolar current in the linear regime (Figure 2.2d).
In order to compare devices with different geometry, the (drain) current density Jd is
calculated from the Id by using the width of the channel W and the estimated accu-
mulation layer thickness d of charge carriers at the semiconductor-dielectric interface
(SWNT: d= 5nm, DPPT-BT: d= 2nm). The values for d were experimentally supported
by unipolar quenching experiments (Chapter 5.6).
Jd =
Id
W · d (2.8)
2.2. Light-Emitting Field-Effect Transistor
The injection of opposite charge carriers in ambipolar OFETs implies that these charges
meet in the channel, recombine and thus lead to electroluminescence (EL), i.e., light
emission. This process signifies a light-emitting field-effect transistor (LEFET). The
first LEFET used tetracene as the emitter,13 but shortly afterwards LEFETs based on
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other organic semiconductors, e.g., polyfluorenes49 and polyphenylene-vinylenes50
were published. The recombination of electrons and holes occurs in a single transport
and emission layer of the ambipolar semiconductor, no injection layers are required.
Blends16 and bilayers51 of organic semiconductors are also possible. The planar con-
figuration of the emitter layer and coplanar source-drain electrodes leads to a narrow,
line-shaped emission zone in the channel area that is parallel to source and drain
electrode.16
To model the recombination of charges in organic electroluminescent devices often
Langevin-type recombination is assumed. As a further simplification the Langevin re-
combination rates of electrons and holes are assumed to be infinitely large in LEFETs,52
implying an infinitely narrow recombination zone. However, finite Langevin recombi-
nation rates return an emission zone widthWemz of 15-200 nm.53 Experimentally, the
practically observed emission zone widthWemz is limited by the optical resolution and
usually estimated to be <1.1 µm.54–57 From Wemz and the drain current Id or current
density Jd, using the accumulation layer thickness d, channel widthW and elementary
charge e, one can estimate the effective pump rate as:
P =
Id
W · d ·Wemz · e =
Jd
Wemz · e (2.9)
The three-terminal nature of the transistor enables the spatial control of the emission
zone by the gate voltage (Figure 2.3).54 The point where holes and electrons recombine
moves across the channel during a transfer sweep (Figure 2.4a) and constant current
sweep (Figure 2.4b). The motion occurs in the rather small ambipolar Vg range. In
contrast to constant current sweeps, the electroluminescence intensity of a transfer
sweep changes as it moves through the channel due to the change in drain current
Figure 2.3.: Motion of the recombination and emission zone across the LEFET channel by
variation of the gate voltage Vg at a constant drain voltage Vd =−160V. Semiconductor:
DPPT-TT. Dielectric: PMMA.
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(a) (b)
(c) (d)
Figure 2.4.: Emission zone position and emission efficiency in LEFETs during a gate voltage
sweep at (a,c) constant drain voltage (transfer, Vd =−9V) and (b,d) constant drain current
(Jd =−500A · cm−2). (a,b) Emission zone position. (c,d) Light output power, external
quantum efficiency and (c) drain current density or (d) drain voltage curve. Semiconductor:
DPPT-TT. Dielectric: PMMA-HfOx.
and hence pump rate. The position of the emission zone is determined by the ratio
of electron to hole mobility, the gate voltage and the "contact" voltages of source and
drain.54,58–60 The contact voltages represent the Vg at which the emission zone moves
away from the charge injecting electrodes, hence include threshold voltages (ideally the
major contribution), contact resistance between source-drain and vertical resistance of
the emitting layer. In combination with the variable range hopping model, the contact
voltage can be replaced by transport parameters in order to simultaneously model
charge transport and emission zone position data in LEFETs.52,61,62 Light emission
occurs during operation in the ambipolar63 and even unipolar regime64 due to minority
carrier injection at large gate voltages64 (Figures 2.4a, 2.4b).
In order to measure the emission efficiency, the light output intensity of an LEFET is
recorded with a calibrated photodiode (at 0V bias), yielding a photocurrent Idiode. The
electroluminescence external quantum efficiency (EQE) is then defined as the quotient
of the number of outcoupled photons divided by the number of injected charge carriers.
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Therefore the EQE is calculated from the photocurrent Idiode during a gate voltage
sweep according to:
EQE =
Idiode
Id
·
∫
ELnorm(λ)dλ∫
S(λ) · ELnorm(λ)dλ ·
e
hc
·
∫
λ · ELnorm(λ)dλ∫
ELnorm(λ)dλ
(2.10)
using the applied drain current Id, elementary charge e, Planck constant h, speed of
light c and the wavelength-dependent sensitivity of the photodiode S(λ). The latter
is weighted by the normalized ELnorm(λ) spectrum of the respective emitter. The last
fraction represents a weighing factor to accommodate for the wavelength-dependent
emission intensity. The sensitivity-corrected photocurrent represents the optical output
power:
Pout,opt = Idiode ·
∫
ELnorm(λ)dλ∫
S(λ) · ELnorm(λ)dλ (2.11)
In a transfer sweep the EQE typically exhibits a plateau, as the decreasing light intensity
Pout,opt (Figure 2.4a) is balanced by the equally decreasing Id.65,66 However, as the
current changes over at least an order of magnitude and as the EQE depends on
the current density, a minimum in the EQE may be observed for inefficient emitters
(Figure 2.4c). The effect may be enhanced by increasing noise of the photodiode at low
Pout,opt. Measuring EQE in a Vg sweep at constant Id avoids such detrimental effects.
Figure 2.4d shows a plateau of the EQE following the Vd curve and while the emission
is located in the channel and at the hole source electrode (Figure 2.4b).
LEFETs with a high brightness and a high EQE require an emitter with a high photo-
luminescence quantum yield (QY). The QY is defined as the ratio of the emitted and
outcoupled to the incident number of photons. To practically measure the QY of solu-
tions and thin films, a reference-free method was developed by de Mello et al., which
was used here.67 The photon counts I are acquired by the integral of the corresponding
spectral peak at the laser excitation wavelength Ilaser and the sample’s PL wavelength
Isample in three experiments in an integrating sphere with direct excitation of the sample
(Ilaser,dir, Isample,dir), indirect excitation of the sample (Ilaser,indir, Isample,indir) and a refer-
ence measurement with a plain glass substrate (Ilaser,glass).67 The latter quantifies the
incident laser light intensity, but needs to be corrected by the portion that is actually
absorbed for the PL process 1− Ilaser,dirIlaser,indir . Taking into account the number of emitted
photons that are additionally created by the transmitted or reflected laser light (portion
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Ilaser,dir
Ilaser,indir
) by subtracting Isample,indir · Ilaser,dirIlaser,indir from all emitted photons Isample,dir results
in the observed quantum yield QYobs:67
QYobs =
Isample,dir − Isample,indir ·
(
Ilaser,dir
Ilaser,indir
)
Iglass,dir ·
(
1− Ilaser,dirIlaser,indir
) (2.12)
However, the spectral changes due to reabsorption in the integrating sphere PLisph(λ)
compared to the true PL spectrum PL(λ) need to be considered, in order to obtain the
correct QY:68
QY =
QYobs(
1−
∫
PLdλ∫
PLisphdλ
)
+
∫
PLdλ∫
PLisphdλ
·QYobs
(2.13)
LEFETs unite the charge carrier densities of field-effect transistors with the emission
properties of organic light-emitting diodes (OLEDs). However, LEFETs exhibit several
advantages over OLEDs. In an OLED, the position of the emission zone is defined by the
conductivity and thus thickness of the contributing layers and is thus fixed.69 In LEFETs,
the emission zone can be moved over many micrometers through the entire channel
and the large distance to the injecting electrodes avoids metal quenching effects.16,66
In an LEFET, all injected charge carriers must recombine. This intrinsic difference to
OLEDs produces higher external quantum efficiencies in LEFETs than in equivalent
single-layer OLEDs.17,51 As a result of the higher charge carrier density, much higher
currents can be achieved in an LEFET compared to an OLED, which display an efficiency
roll-off at orders of magnitude lower current densities.17
The narrow width of the emission zone may be regarded as a disadvantage of LEFETs,
but has been addressed by broad emission zones in bilayer LEFETs70 and with trans-
parent drain electrodes.71 For excitation in optoelectronic circuits,25 a narrow emission
zone is sufficient when delivering high brightness via high efficiency and high currents.
2.3. Electrodes for OFETs
The source-drain electrodes in OFETs inject or extract charges into or from the semicon-
ducting layer. Their own resistance (determined by their resistivity or sheet resistance)
should not surpass the channel resistance, in order not to dominate the device’s current-
voltage characteristics. Secondly, they should inject electrons and holes (in case of
unipolar transistors only either electrons or holes) into the (organic) semiconductor with
a minimal losses. The difference between the electrode’s work function and the HOMO
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(LUMO) should therefore be minimal for ohmic hole (electron) injection. For ambipolar
transistors either a combination of a single electrode material with a narrow bandgap
semiconductor72 or two different source and drain electrode materials or additional
surface modifications may fulfill this requirement.16 In case of transparent devices, the
absorption coefficient (at 550 nm) of the electrode material becomes relevant. The ratio
of the optical to electrical conductivity can be used as a figure of merit, as described in
detail in Chapter 4.3.1, in order to compare the charge transport and light transmission
performance among different electrode materials.
The gate electrode of an OFET applies the electric field that induces the charge accumu-
lation at the semiconductor-dielectric interface. In contrast to source-drain electrodes,
the resistance of the gate electrode is not as relevant for low switching speeds, as it
applies solely a voltage and requires no current. For LEFETs the gate electrode can
simultaneously act as a mirror. Thus, the reflectivity of the material should not change
in the desired wavelength range of emission.
2.4. Dielectrics for OFETs
Adielectric material is polarized upon the application of an electric field. The gate dielec-
tric translates the electric field induced by the gate electrode in order to induce charge
accumulation at the semiconductor-dielectric interface in the channel.73 Essentially,
the charge carriers in the gate electrode and the opposite charges in the accumulation
layer form a parallel-plate capacitor with the dielectric layer. Hence, the behavior of
a dielectric material in an OFET can be described as a simpler metal-insulator-metal
(MIM) capacitor. One relevant parameters for a capacitor is its capacitance per area C,
which is related to the permittivity ε, permittivity of the vacuum ε0 and layer thickness
d by:74
C =
ε · ε0
d
(2.14)
A second relevant parameter is the breakdown strength F, as derived from the break-
down voltage V˜ and layer thickness d by:75,76
F =
V˜
d
(2.15)
Electrical breakdown of a solid capacitor occurs by the formation of electrically con-
ductive paths in the material. The maximum charge carrier density Q (in number of
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charge carriers per area) that can be accumulated in a capacitor is given by C, V˜ and the
elementary charge e:74
Q =
C · V˜
e
=
C · F · d
e
(2.16)
In a transistor with a given C of the dielectric layer, the mobile charge carrier density
Q = Ce ·
(
Vg −Vth
)
can be accumulated at an effective gate voltage Vg −Vth.74 Typical
values range around Q= 1012-1014 cm−2.
Besides the bulk properties C and F, the interfacial properties of the dielectric at the
interface with the semiconductor are highly relevant. A common figure of merit for
dielectrics in OFETs is the density of interfacial traps, as given by Equation 2.1. Al-
ternatively, low temperature charge transport measurements in OFETs can be used to
investigate the role of traps.77 Such traps are created by dangling bonds, interfacial
OH-groups, water at the interface or the orientation of interfacial dipoles at the di-
electric surface.73,74,78 The passivation of electron traps in oxide dielectrics, e.g., by a
cross-linked organic layer, enables electron and ambipolar transport in polymer semi-
conductors that were earlier considered to be only p-type.79
Common dielectric materials include inorganic materials (especially oxides), poly-
mers, self-assembled monolayers of molecules (SAMs) or combinations thereof.76 Typi-
cally, polymers have a comparably low permittivity (e.g. PMMA ε= 2.9,80 polystyrene
ε=2.5581), with the exception of fluorinated polymers (e.g. P(VDF-HFP) ε≈ 1182).
Capacitances of 1-3 nF · cm−2 are common for PMMA with typical layer thicknesses
of 600-1000 nm. In contrast to that, oxides achieve significantly higher values (e.g.
AlOx ε≈ 9-10.5 ,83,84 TiO2 ε=4185), which depend on the deposition method. A layer
thickness of 20 nm may result in capacitances of 300-2000 nF · cm−2. While oxides thus
provide a high capacitance, their interface with organic semiconductors exhibits a high
density of traps. Generally, dielectrics with a high permittivity exhibit a high density of
interfacial dipoles that are assumed to cause a broadening of the DOS of the disordered
(organic) semiconductor, creating more traps (tail states) that inhibit the charge carrier
transport.85,86
The concept of inserting a thin polymer layer between the oxide and semiconductor,
creating a hybrid dielectric, resulted in n-type and p-type operation of OFETs with
high current density at low voltages.81,87–89 Alternatively, oxide nanoparticles can be
embedded in a polymer matrix.82,90 The two components of the hybrid dielectric can be
modeled as a series of two capacitors, as detailed in Appendix A.1. The model shows a
superlinear increase of of the hybrid dielectric’s permittivity with an increasing relative
thickness of the oxide layer. This confirms that the oxide thickness should be very thick
compared to the polymer in order to take advantage of the oxide’s high capacitance.
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However, the total thickness should be minimized for a low capacitance. Moreover,
the model shows that a relatively thin oxide layer decreases the breakdown strength
compared to a single polymer layer. Only after exceeding a relative thickness of 20% the
oxide improves the breakdown strength of a hybrid dielectric and linearly approaches
the values of the oxide.
A high capacitance can not only be achieved with solid insulating materials but also
with electrolytes. Electrolyte-gating describes the use of an ion gel thats consists of an
ion-conducting polymer and an ionic liquid as the dielectric material. The application
of a gate voltage to a top gate electrode or side gate electrode (next to the transistor)
creates a Helmholtz layer of ions at the interface between the semiconductor and the
ion gel that translates the gate voltage.91 Depending on the semiconducting material,
the ions may even penetrate the porous semiconductor layer and create electrochemical
doping rather than electrolyte gating.92 The small thickness of the Helmholtz-layer
generates a very high capacitance (≈ 10 µF · cm−2) and electric field compared to solid
dielectric materials.93 Hence, electrolyte-gated OFETs are usually operated below 2V.
The operation voltage is limited by the electrochemical window of the electrolyte. Break-
down of the ion gel does not create a conductive path but electrochemical reactions
and decomposition of the ions at the electrodes when their redox potentials are ex-
ceeded. Electrolyte-gated LEFETs have been demonstrated for polymer93,94 and carbon
nanotube emitters.27,95
2.5. Semiconducting Donor-Acceptor Copolymers
Semiconducting conjugated polymers have been in the focus of organic electronics
from the early days of polyacetylene.96 The molecular structure of the conjugated
backbone mainly defines the electronic and optical properties, while the side chains
define the compatibility to solvents. Classified according to their conjugated back-
bone structure, the focus was set on polythiophene derivatives in the past, with the
homopolymer poly(3-hexylthiophene) (P3HT, Figure 2.5) often referred to as the "fruit
fly" of organic electronics. However, for light-emitting devices, copolymers with two or
more alternating monomer units, such as poly(phenylene-ethylene), poly(phenylene-
vinylene) or poly(fluorene-benzothiadiazole) (F8BT), were more successful. The man-
ifold combinations of different large and small monomer moieties are usually syn-
thesized by Stille, Suzuki, Sonogashira or Yamamoto coupling reactions.97 For the
application in OFETs, the focus of current research and this thesis is directed towards
high-mobility (> 0.1 cm2 ·V−1 · s−1) donor-acceptor (D-A) copolymers consisting of
alternating electron-rich and electron-poor repeat units.98,99
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Figure 2.5.: Molecular structures of the semiconducting polymers P3HT, F8BT and DPPT-TT
and of a (6,5) SWNT.
The conjugated backbone of semiconducting polymers can be divided into subunits,
called "chromophores", that may include one or multiple monomers, as defined by the
conjugation length.100 The electronic structure of the chromophore derives from sp2-
hybridized carbon atoms with overlapping pz-orbitals that enable the delocalization of
electrons along the molecule. The energy gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of a chromophore
is often called the bandgap for simplicity. Even when joining the chromophores to a
semiconducting polymer chain, the energetic states in the HOMO and LUMO remain
energetically and spatially localized (Figure 2.6a). On top of that, the spatial disorder
and random orientation of neighboring dipoles in an amorphous or semicrystalline
film generate an energetic disorder. Therefore, the occupied (and unoccupied) MOs
of the chromophores exhibit a broad Gaussian density of states (DOS) distribution
(Figure 2.6b).29,39,74
D-A copolymers exhibit a characteristically strong hybridization of the electron-donating
and -accepting moieties.101 As a result, the electron-donating unit governs the (high
lying) HOMO, while the electron-accepting unit defines the (low lying) LUMO,102 cre-
ating a narrow bandgap of usually less than 1.5 eV. A prominent acceptor component
is the diketopyrrolopyrrole unit (DPP)103 with neighboring thiophene rings as donor
units.104 By adding another thienothiophene donor, the DPPT-TT copolymer is formed
(Figure 2.5),105 serving as a compound for high-mobility OFETs106,107 and efficient
organic photovoltaics.108–110
For charge transport in semiconducting polymers, an electron (hole) is injected from
an electrode. The difference between the electrode’s work function and the polymer’s
LUMO (HOMO) defines the energy barrier for charge injection. Often, the work function
of precious metals is centered in the small bandgap of D-A copolymers. This reduces
the injection barrier compared to wide bandgap polymers, so that both types of charge
carrier can be injected from the same electrode material. Ambipolar transport occurs
without the need of additional injection layers.
Charge transport in disordered materials, such as semiconducting polymers, is domi-
nated by hopping of charge carriers between the localized electronic states and often
described by the concept of variable-range hopping (VRH).111 In this model, hopping
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occurs between (not necessarily neighboring) states by thermal activation to overcome
the energy barrier between sites. The transfer rate between two sites is usually described
by the Miller-Abrahams model or by semiclassical Marcus theory (polaron model). Both
take the energetic and spatial difference between two sites into account. All three
models assume an exponential DOS, which leads to an Arrhenius-type temperature
dependence of the mobility:111
µ
µ∞
= exp
(
− EA
kB · T
)
(2.17)
However, an exponential DOS disagrees with the experimental evidence of a Gaussian
DOS, which implies a µµ∞ = exp
(
−(T0T )2
)
relationship. T0 describes the energy disorder
and is related to the DOS width. Experimental temperature-dependent data can usually
be fit with both relationships.111 The proposal of a temperature dependent DOS width
might explain the Arrhenius-type temperature dependence of the mobility in a Gaussian
DOS.112
For high-mobility transport, the spatial hopping between localized sites requires the
availability of sites along the entire polymer chain. Copolymers with a high degree
of D-A hybridization exhibit a spatially extended HOMO and LUMO along the entire
backbone, enhancing the intra-chain charge transport and thus mobility in DPP copoly-
mers.113 Copolymers with lower mobility, e.g., F8BT, exhibit a much more localized
HOMO at the donor and LUMO at the acceptor unit.114 Apart from a strongly delocal-
ized HOMO and LUMO in D-A copolymers, also the reduction of torsional freedom
in the backbone in planar moieties such as DPP, indacenodithiophene and cyclopenta-
dithiophene enhances the mobility due to nearly disorder-free transport.115,116
However, not only the molecular structure but also the microstructure plays a significant
role in charge transport. The high mobility of several chemically unrelated families of
D-A copolymers, DPP derivatives among them, has been related to an intermediate
microstructure between highly crystalline and completely amorphous. On one side, for
low-mobility homopolymers, the long-standing notion of increasing the chain orien-
tation in polymer films, in order to replicate the higher mobilities of crystalline small
molecule films, has resulted in increased mobilities.117 However, the paracrystallinity
in semicrystalline homopolymers introduces traps, limiting the charge transport. On
the other side, completely amorphous polymers with a low mobility lack traps but still
exhibit large hopping activation energies. For the third case of D-A copolymers, X-ray
diffraction has revealed an even higher paracrystallinity than semicrystalline polymers,
while microscopic techniques showed little order. It was concluded that subnanometer
aggregates that are linked by long chains combine a low hopping activation energy
with locally efficient intermolecular charge transport.118 The edge-on orientation of
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annealed DPPT-TT copolymer clearly supports horizontal charge transport in transis-
tors,119 despite the local disorder in π-stacking direction outside the aggregates.118
Increasing the molecular weight of the linking chains decreases the mobility loss be-
tween the aggregates. Thus, the high mobility in D-A copolymers seems to originate
in a higher tolerance against microstructural and energetic disorder rather than a high
crystallinity.118
In contrast to high-mobility D-A copolymers, the low-mobility copolymer F8BT displays
microstructures ranging from semicrystalline to amorphous, depending on the pro-
cessing conditions. Its mobility is sensitive to morphological changes that increase the
spatial distance between donor moieties (providing the localized LUMO) and decrease
the inter-chain transport. Unexpectedly, the semicrystalline phase exhibits a lower
mobility than the amorphous phase.120 As charge transport is faster along the polymer
chains, uniaxially aligned F8BT layers show a large mobility anisotropy.121
Aside from governing the charge transport, the electronic structure determines the
optical transitions in polymers. Upon light irradiation, an electron is excited from the
HOMO into the LUMO, leaving a hole behind. Due to the relatively low permittivity
of polymers (ε ≈ 3), the electric field between electron and hole is not screened and
the significant exciton binding energy (0.5-1 eV) creates a Frenkel exciton in the neutral
excited chromophore. The exciton recombines radiatively (photoluminescence) or
nonradiatively.39,74 Different vibrational states in the electronic ground and excited state
create an energetic distribution of absorption and emission lines (vibronic progression,
homogeneously broadened with a natural linewidth). These are inhomogeneously
broadened by the energetic distribution of the chromophores in a polymer. As a result,
polymers exhibit comparably broad absorption and emission spectra. A large Stokes
shift is found due to relaxation (often planarization) of the chromophore backbone in
the excited state.74
For D-A copolymers, the optical transitions occur in the red or near-infrared (nIR) range
because of their narrow bandgap. DPP-TT-T polymers of different molecular weight and
side-chain length were recently compared to other polymers by spectroscopic methods
and solar cell characteristics.122 The study found that DPP derivatives have the highest
oscillator strength, explaining their extraordinarily good optical absorption properties
and suitability for solar cells.122 On a molecular level, the high oscillator strength is
attributed to the long persistence length of DPP-TT-T,122 which is closely related to the
transition dipole moment.100,123 Thus, the stiff and planar structure of the DPP unit
enhances not only electronic transport but also its optical absorption properties.
The same excitonic recombination process occurs in case of electroluminescence. Elec-
trons and holes are injected via opposite electrodes and transported as described above.
The spectral signature of a charge-bearing chromophore is called polaron. A polaron’s
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optical transition is red-shifted from the neutral transition due to strong electron-phonon
coupling and relaxation of chemical bonds in the charged chromophore. The polaron
absorption can be directly connected to the charge carrier density in an ambipolar
transistor.124 When holes and electrons meet, they recombine and form excitons (singlet
or triplet).
The PL QY and EL EQE of polymers are highly relevant for light-emitting devices,
especially in the quest for electrically pumped organic lasers. However, apparently
high mobilities and high emission efficiency are mutually exclusive in polymer semi-
conductors, an issue that has rarely been addressed.125,126 A fundamental treatment has
revealed the energy gap law, stating that the probability of a nonradiative transition via
molecular vibrations in a 2-level system increases with a decreasing energy gap between
the states. Two cases were defined, in which the nonradiative transition probability
has either a Gaussian or exponential dependence on the bandgap, corresponding to
either strong or weak electronic-vibrational coupling.127,128 The relationship was experi-
mentally supported for small molecule-metal complexes.129,130 A different analysis of a
2-level model of an emitting dipole with resonance λ gives an inverse dependence on the
radiative emission rate: K◦r ∝ λ−3.131 132 These relationships are in accordance with the
generally low emission efficiencies of narrow bandgap and nIR-emitting molecules133
and D-A copolymers,134 as discussed in Chapter 5.
2.6. Semiconducting Carbon Nanotubes
Carbon nanotubes (CNTs, Figure 2.5) have been a major focus in material science
since the mid 90s due to their thermal, electronic and mechanical properties that are
very different from metals, ceramics or polymers. Their synthesis involves either the
decomposition of a carbon source, e.g., in an arc discharge or laser ablation, or chemical
vapor deposition from a gaseous carbon source in the presence of a catalyst, e.g. the
floating catalyst method.137,140 The resulting mix of multi-walled and single walled
carbon nanotubes (SWNTs) as well as amorphous carbon can be further purified in order
to select specific nanotubes. The purification is usually carried out in a liquid phase in
the presence of a surface-active medium, e.g. by the density gradient method,141 gel
permeation chromatography142 or chirality-selective polymer wrapping.143 The latter
technique produces dispersions of semiconducting SWNTs of high purity and single
chirality, which are in the focus of this thesis.144
The physical and chemical properties of CNTs are derived from graphene, as a CNT can
be considered as a rolled-up graphene sheet. In such a one dimensional structure, the
geometric, electronic and optical properties are strongly interrelated. The chirality vector
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(a) (b) (c) (d)
Figure 2.6.: Energy diagrams of (a,b) polymer and (c,d) SWNT semiconductors. (a) Mean
HOMO and LUMO of the polymer DPPT-BT as measured by cyclic voltammetry,135 ex-
tended by a sketch of localized states around the transport levels.111 (b) Schematic Gaussian
DOS of the polymer transport levels.74 States outside the transport levels and the corre-
sponding DOS are omitted for clarity. (c) Energy band dispersion of a (6,5) SWNT (overlap
integral = 0, interaction energy = 2.9 eV), calculated136 via the zone folding approxima-
tion.137 (d) DOS of a (6,5) SWNT, calculated138 via the tight-binding approach, the zone
folding approximation and the trigonal warping effect.139
(n,m) describes the direction of the CNT main axis with respect to the graphene sheet
edges: CNTswith n = m are called "armchair", (n, 0) "zigzag" and all other CNTs "chiral".
The chirality vector of a CNT determines its diameter by dCNT = 0.246
√
n2+nm+m2
π .
137
The electronic structure of a single CNT is a result of the boundary conditions that
are applied to the graphene band structure when rolling up the graphene sheet (zone
folding model). The energy landscape of graphene in reciprocal space (kx, ky, E) exhibits
a maximum gap between the valence and conduction band at kx = ky = 0 (Γ point).
Valence and conduction band are equal at the K point (kx = 2π√3a , ky =
2π
3a ) and form
the Dirac cone. Depending on the CNT chirality vector, a finite number of vertical
cross-sections in this energy landscape form the band structure of a CNT. A more
detailed derivation of the band structure also considers the curvature effect of the
graphene sheet. For CNTs with (m− n)mod(3) = 0 the vertical cross section intersects
the K point, yielding a non-zero electron density of states at the Fermi level and thus
metallic behavior of the CNT. All other CNTs exhibit a bandgap Eg in the band structure
(Figure 2.6c) and are therefore semiconducting. The bandgap is determined by the
21
2. Background
chirality vector (n,m). Therefore, the electronic bandgap Eg and the diameter dCNT
have a reciprocal relationship:137
Eg =
8.236 eV ·Å
dCNT
(2.18)
For example, semiconducting (6,5) SWNTs exhibit a diameter of dCNT =7.5Å and an
electronic bandgap of Eg = 1.09 eV.
As a result of the one dimensional quantum confinement of the electrons in a semi-
conducting SWNT, i.e., the finite number of vertical intersections, the density of states
exhibits Van-Hove singularities in the valence and conduction band in a symmetric
fashion around the center of the electronic bandgap (Figure 2.6d). These quantum
states govern the optical properties, such as absorption, photoluminescence and elec-
troluminescence. The absorption of light promotes electrons between the 1-1, 2-2, etc.
energy bands (E11 and E22 in Figure 2.6d), as asymmetric transitions (e.g. E12) are
Pauli-excluded. These energy differences of the electronic bands correspond to the
optical transitions from the ground to the first and second excited state, S1 and S2. The
narrow distribution of energy states in the DOS is translated to a narrow linewidth in
the absorption and emission spectra. Emission occurs exclusively by the S1 transition.29
An optically excited electron-hole-pair forms an exciton in a SWNT that has both Frenkel
and Wannier-Mott character. The latter leads to delocalization of the exciton over
several nanometers along the SWNT axis. The one-dimensional character of SWNTs
and poor Coulomb screening creates the Frenkel character, resulting in a relatively
large exciton binding energy (0.4-1 eV).137 However, while the energetic disorder of
the chromophores in polymers creates inhomogeneously broadened spectra, SWNTs
have a very narrow spectrum as the diameter of a nanotube determines the bandgap
and does not change along the nanotube. The rigid molecular structure of a SWNT
prevents conformational changes of the excited state, leading to a very small Stokes
shift. SWNTs also exhibit a relatively high absorption cross section (or molar absorption
coefficient) and a very high oscillator strength.145 The emission of a single SWNT is
highly polarized along the nanotube axis. Obviously this polarization is eliminated in a
random SWNT network.29
The emission efficiency of a single SWNT affect by several parameters. First, it is
dependent on the chirality vector.146 Moreover, the PL QY is reduced in the presence of
other SWNTs, since especially metallic SWNTs act as quenching sites.147 When different
species of semiconducting SWNTs are mixed, energy transfer occurs to the SWNTs with
the lowest bandgap.148 Also, SWNTs in contact with a substrate exhibit a significantly
lower QY than suspended or dispersed SWNTs.147
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The charge transport in a single semiconducting SWNT is described by ballistic trans-
port at low temperatures and up to 1 µm length. At higher temperatures, diffusive
transport occurs in single SWNTs that is dominated by electron-phonon scattering.149
However, all experimental results and discussions in this thesis do not concern individ-
ual SWNTs but thick films of randomly oriented SWNT networks. In a such a network,
the charge transport is dominated by the resistance of the junctions between SWNTs
rather than the transport within the individual SWNTs.150 SWNT films can therefore be
described as a network of resistors151 once the percolation threshold is exceeded.152 This
reduces the mobility of a single SWNT from multiples of 1000 cm2 ·V−1 · s−1 29,153 to
5-200 cm2 ·V−1 · s−1 in SWNT networks.149,154 The presence of residual metallic SWNTs
in these networks has a direct effect on the transistor characteristics: The off-current is
strongly increased and the on/off ratio is strongly reduced with an increasing amount
of metallic SWNTs.28,155
2.7. Nanoplasmonics
The term plasmonics describes the study of charge oscillations on metal surfaces and
interfaces, usually by means of electromagnetic radiation. Metal nanostructures have
gained a rising interest since the early 2000’s due to their intriguing optical properties
that are defined by the constituting metal, their shape and their dielectric environment.
The fundamental optical properties of a material are its complex permittivity ε˜ =
ε+ i · ε′′ and complex refractive index n˜ = n+ i · n′′, which are interrelated via:156
ε˜ = n˜2; ε = n2 − (n′′)2; ε′′ = 2 · n · n′′ (2.19)
For metals, the oscillation of charges is described by the free electron gas within the
Drudemodel with a relaxation time τe, yielding a complex permittivity that is dependent
on the frequency (wavelength) of excitation:156
ε˜(ω) = ε∞ −
ω2p
ω2 + iω/τe
(2.20)
The plasmon frequency ωp = Nee
2
ε0meff,e
(free electron density Ne, elementary charge e,
permittivity of the vacuum ε0, effective electron mass meff,e) describes the limit above
which a metal becomes transparent. In case of Au the corresponding wavelength
λp = 137 nm resides in the UV-range. Above this frequency ω > ωp, ε˜(ω) becomes real
and approaches 1 ≤ ε∞ ≤ 10. Below ωp the real part is Re(ε˜(ω)) < 0.156 In the red
and nIR range which is relevant for this thesis, the complex permittivity and complex
refractive index of Au are highly wavelength dependent.
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Beyond the properties of the material, the shape of a nanoantenna defines its interaction
with light and thus its spectral response. The confinement of charge oscillations in a
nanostructure, such as a spherical Au nanoparticle (AuNP), creates a surface plasmon-
polariton (SPP) upon irradiation. As a result of the sub-wavelength shape (particle
diameter 10-50 nm, excitation wavelength 360-720 nm), it is reasonable to assume that
the exciting electric field is static within the volume occupied by the AuNP and the time
of electron relaxation: E(x, t) = E0 (dipolar approximation).157 The AuNP’s spectral
response (extinction) in such an electrostatic field is defined by the polarizability of the
charges. The complex polarizability α of the AuNP with a volume Vsphere = 4/3πr3 can
be derived using the permittivity of the AuNP ε˜M(ω) of Equation 2.20 and its dielectric
environment ε˜Diel:156
α = 3Vsphere
ε˜M(ω)− ε˜Diel
ε˜M(ω) + 2ε˜Diel
(2.21)
Clearly, the spectral response increases with the AuNP volume. Also, Equation 2.21
indicates a maximum when Re(ε˜M(ω)) = −2 · εDiel (Fröhlich condition), assuming
Re(ε˜M(ω)) >> Im(ε˜M(ω)). This corresponds to a resonance wavelength of the AuNP’s
SPP λres =
2πcε0meff,e
Nee2
· √ε∞ + 2εDiel (speed of light c)158 that is highly dependent on its
dielectric environment and red-shifts with increasing εDiel.
Distorting the spherical AuNP into an ellipsoid Au nanorod (AuNR) introduces the
geometrical factors of the long axis LLA and short axis LSA, as related by LLA+ 2 · LSA =
1. For the AuNR’s long axis, Equation 2.21 changes to:156
αLA = Vellipsoid
ε˜M(ω)− ε˜Diel
LLA · ε˜M(ω) + (1− LLA) · ε˜Diel (2.22)
The corresponding resonance wavelength λres,LA =
2πcε0meff,e
Nee2
·
√
ε∞ +
1−LLA
LLA
εDiel em-
phasizes a red-shift of the resonance for non-spherical antennas with increasing rLA, i.e.,
with decreasing LLA (0 < LLA < 13), hence with increasing deviation from a spherical
shape. Due to LLA < LSA and thus λres,LA > λres,SA there are two resonance peaks for
AuNR: one for the long and one for the short axis.156
The polarizability α is related to the extinction of the AuNR via the absorption csabs
and scattering csscat cross section. In analogy to csscat and csabs of a AuNP156 one can
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derive the long axis cross sections for a AuNR with short rSA and long axis rLA under
an excitation wave vector k = 2π/λ to be:
csscat, LA =
k4
6π
|α|2 = 8π
27
k4(rSA)
4(rLA)
2 ·
∣∣∣∣ ε˜M(ω)− ε˜DielLLA · ε˜M(ω) + (1− LLA) · ε˜Diel
∣∣∣∣
2
csabs, LA = k · Im(α) = k · 4π3 (rSA)
2rLA · Im
(
ε˜M(ω)− ε˜Diel
LLA · ε˜M(ω) + (1− LLA) · ε˜Diel
) (2.23)
Equation 2.23 highlights that short plasmonic antennas rLA << λ have a more ab-
sorptive character, whereas scattering is dominant for larger antennas due to the
csscat, LA ∝ r
2
LA dependence compared to csabs, LA ∝ rLA.
When using a semiconducting material, e.g., a semiconducting polymer, as the dielectric
environment of a nanoantenna, the wavelength-independent εDiel in Equations 2.21
to 2.23 needs to replaced with εDiel(λ). Moreover, bringing a plasmonic nanoantenna
into the vicinity of an emitting dipole will trigger interaction in the near-field, e.g., with
an exciton in the polymer. If the antenna’s SPP is resonant with the dipole, the dipole’s
emission will be enhanced by the antenna. The Purcell effect describes the enhancement
of the total decay rate of the dipole (Kr + Knr) compared to the dipole without antenna
(K◦r + K◦nr). This ratio yields the Purcell factor or enhancement factor EFPurcell:156,159,160
EFPurcell =
Kr + Knr
K◦r + K◦nr
=
3
4π2
(
λdipole
n
)3
Q
V
(2.24)
The second term in Equation 2.24 relates EFPurcell to the dipoles resonance wavelength
λdipole, taking into account the refractive index n of the environment.159 Most impor-
tantly, high enhancement factors EFPurcell require a high quality factorQ and a lowmode
volume V of the antenna. The mode volume describes the spatial confinement of the
antenna’s SPP resonance,156 as defined by its spatial decay. This is largely determined
by the antenna shape and must be calculated by numerical methods such as the Finite
Domain Time Difference method. Hence, the enhancement factor peaks at an optimum
distance (usually around 2-10 nm) between dipole and antenna, then decreases.161 The
quality factor Q of the antenna represents its spectral confinement156 and corresponds
to the ratio of the position λres to the full width at half maximum (FWHM) ∆λres of its
spectral response:
Q =
λres
∆λres
(2.25)
Beside the antenna’s properties, also the emitting dipole’s properties, e.g. its quantum
yield (radiative efficiency), will affect the enhancement. The dipole’s quantum yield
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QY◦ in the absence of an antenna is given by its radiative K◦r and nonradiative decay
rate K◦nr:18,162,163
QY◦ =
K◦r
K◦r + K◦nr
(2.26)
Upon interaction with the antenna, additional nonradiative decay channels K∗nr emerge,
such as quenching at the antenna’s metal surface or additional absorbance. The other
nonradiative decay channels remain, i.e. Knr ≈ K◦nr. Therefore, the radiation efficiency
of the dipole in the presence of the antenna amounts to (using Equation 2.26):162,163
QY =
Kr
Kr + K∗nr + Knr
≈ Kr
Kr + K∗nr + K◦nr
=
Kr
K◦r
Kr
K◦r +
K∗nr
K◦r +
(
1−QY◦
QY◦
) (2.27)
The quantum yield enhancement (fluorescence enhancement) EF of the dipole from
QY◦ to QY corresponds to:162,163
EF =
QY
QY◦
=
Kr
K◦r
Kr
K◦r QY
◦ + K
∗
nr
K◦r QY
◦ + (1−QY◦)
(2.28)
While the Purcell enhancement factor EFPurcell increases even with a mere rise in non-
radiative decay rates, the quantum yield enhancement factor EF increases only with
an increasing radiative decay. In case of an emitter with low efficiency QY◦ << 1 the
terms KrK◦r QY
◦ and K
∗
nr
K◦r QY
◦ become negligible. The increase of the radiative decay rate
EF = QYQY◦ ≈ KrK◦r thus dominates the increase of the QY, emission intensity enhancement
I
I0
and electric field enhancement | EE0 |2. Therefore, a high QY enhancement can be
achieved for low efficiency emitters,20 such as nIR emitters, by focusing on the increase
in the radiative decay rate.163
However, due to the finite density of plasmonic antennas, a clear differentiation between
local enhancement at the antenna and a volume-averaged enhancement of the entire
device is indispensable. An amorphous polymer emitter and randomly oriented AuNR
antennas serve as a model system in this thesis. The local emission enhancement can
be derived from the volume-averaged enhancement by considering that the emitting
dipoles of the polymer and the AuNR are randomly oriented. Hence, light emission
from every dipole that interacts with a AuNR may be divided into a parallel and a
perpendicular contribution. The observed plasmon-enhanced EL intensity I is a sum of
the perpendicularly I⊥ and parallel I‖ oriented emission, where the EL intensity without
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AuNR I0 is enhanced in equal shares by the perpendicular and parallel enhancement
factors EF⊥ and EF‖:
I = I⊥ + I‖ =
I0
2
· EF⊥ + I02 · EF‖ (2.29)
Since there is no enhancement for perpendicular orientation, EF⊥ is set to 1. Only a
fraction of the DPPT-BT emitter is enhanced in the vicinity of the AuNR with the local
enhancement factor EFlocal. Since AuNR and the emitting dipoles of DPPT-BT119 are
orientend in plane, a two-dimensional approach is sufficient. The enhanced fraction
Sconf
S0
is defined by the AuNR’s field confinement area Sconf and the surface area assigned
to the AuNR S0, which is the reciprocal AuNR density. The leftover polymer fraction
Sconf−S0
S0
remains unenhanced with EF0 =1. As a result, the EL enhancement factor for
parallel-oriented dipoles to AuNR EF‖ is:
EF‖ =
Sconf
S0
· EFlocal + Sconf − S0S0 · EF0 (2.30)
The volume-averaged enhancement factor EFave, which is recorded by PL and EL
imaging and spectroscopy, can be defined by dividing Equation 2.29 by I0 and including
Equation 2.30 as follows:
EFave =
I
I0
=
1
2
· (EF‖ + 1) =
1
2
· (Sconf
S0
· EFlocal + Sconf − S0S0 · EF0 + 1) (2.31)
Rearranging this expression for the local enhancement factor EFlocal yields:
EFlocal = 2 · (EFave − 1) · S0Sconf + 1 (2.32)
In summary, SPPs in nanoplasmonic antennas such as AuNR have the potential to
enhance the macroscopic (volume-averaged) emission of emitting dipoles, e.g., of a
polymer or SWNT, under the appropriate conditions.
2.8. Plasmonic Crystals
Arranging plasmonic nanoantennas in a periodic array with a common orientation
creates a plasmonic crystal. The individual nanoantennas couple to form a coherent
resonance of the crystal (surface lattice resonance, SLR). Just as with individual an-
tennas, the near-field coupling of a plasmonic crystal’s SLR with a resonant emitting
dipole will increase the dipole’s total decay rate via the Purcell effect. Usually, SLRs
exhibit a smaller bandwidth than the resonance of the individual antennas (localized
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surface plasmon resonance, LSPR), hence a higher quality factor. Further, the dielectric
environment, mode volume, antenna shape and size, spacing between dipole and pho-
tonic crystal, as well as the emitter’s QY, play a role for the enhancement factor. The
previous considerations on enhancement by single antennas (Equations 2.24 to 2.28)
apply equally to plasmonic crystals. However, the resonance wavelength of SLRs in
plasmonic crystals changes drastically compared to LSPR in individual nanoantennas.
One example of nanoantennas being used in plasmonic crystals are Au nanodisks
(AuND). The diameter ∅ of the AuND is not directly responsible for the SLR but
determines the LSPR and needs to be tuned to match the emitter spectrum. The shift
of the LSPR, which is induced by the refractive index of the material surrounding the
AuND, has to be taken into account.164 The height of the AuND is irrelevant from an
optical perspective as long as it is significantly lower than the AuND diameter.
A AuND will couple to the next neighbor if its LSPR is overlapping with a diffraction
order of the array, creating the SLR. The choice of pitch p (distance between the centers
of the antennas) determines the lattice diffraction orders and thus the spectral position
of the SLR (in forward direction, i.e., at sin(θ = 0°) = 0):165
λSLR = p · n (2.33)
n is the average refractive index of the environment. Therefore, p enables control of the
spectral overlap with the LSPR and thus the damping properties and quality factors
of the SLRs.166 As the LSPR is tuned to couple to a particular portion of the emitter’s
luminescence spectrum, so is the pitch. This creates a delicate relationship of tuning the
diameter and pitch in order to provide a sufficiently strong scattering efficiency of the
LSPR for the SLR, resulting in an increasing ∅ with increasing p.
However, since the effective pitch is increasing for larger angles θ from the normal of the
substrate plane, a plasmonic crystal’s resonance wavelength red-shifts with increasing
detection angle (Figure 2.7a). This produces angle-dependent absorption and emission
spectra. In contrast, a random arrangement of AuNDs with a randomly oriented broad-
spectrum emitter would create a LSPR that emits equally at every angle (Chapter 6.5.3).
In addition, the sample may be rotated so that the plane of the detector slit is at an
angle ϕ from the x-direction of the square array of plasmonic antennas. In k-space, the
incident beam of k0 = 2πλ can be divided into an x- and y-component:
165
kx = k0 · sin(θ) · cos(ϕ) = 2π
λ
· sin(θ) · cos(ϕ)
ky = k0 · sin(θ) · sin(ϕ) = 2π
λ
· sin(θ) · sin(ϕ)
(2.34)
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The detected beam kdet at an angle θ in k-space will have interacted with the plasmonic
crystal in its dielectric environment (refractive index n), depending on the pitch px and
py in x- and y-direction and the diffraction order (gx, gy) of the lattice. The diffraction or-
der describes the planar vector between two antennas in the lattice: gx, gy = 0,±1,±2, ....
kdet =
2π · n
λ
=
√(
kx + gx · 2π
px
)2
+
(
ky + gy · 2π
py
)2
=
√(
2π
λ
· sin(θ) · cos(ϕ) + gx · 2π
px
)2
+
(
2π
λ
· sin(θ) · sin(ϕ) + gy · 2π
py
)2 (2.35)
In a square AuND lattice (AuND-LEFETs in Chapter 7), the pitch is equal in x- and
y-direction (p) and the spectrometer slit is parallel to the square symmetry of the AuND
lattice (ϕ = 0). Equation 2.35 is simplified to:164
kdet =
2π · n
λ
=
√(
2π
λ
· sin(θ) + gx · 2π
p
)2
+
(
gy · 2π
p
)2
(2.36)
If the detected light is linearly polarized in parallel to the slit (TM, transverse magnetic),
only AuND resonating in y-direction contribute to the signal. Hence, the diffraction
order (gx, gy) = (0,±1) is relevant:
2π · n
λ
=
√(
2π
λ
· sin(θ)
)2
+
(
±1 · 2π
p
)2
⇔
(n
λ
)2
=
(
1
λ
· sin(θ)
)2
+
(
1
p
)2
⇔ λ = p ·
√
n2 − sin2(θ)
(2.37)
In the opposite case, selecting linearly polarized light perpendicular to the slit (TE, trans-
verse electric) yields the diffraction order (gx, gy) = (±1, 0) for AuND in x-direction:
2π · n
λ
=
√(
2π
λ
sin(θ)±2π
p
)2
⇔ ±
(n
λ
)
=
(
1
λ
sin(θ)± 1
p
)
⇔ λ = ±p(±n− sin(θ))
For(+1, 0) : λ = +p(±n− sin(θ))⇔∗ λ = p(n− sin(θ))
For(−1, 0) : λ = −p(±n− sin(θ))⇔ λ = p(∓n+ sin(θ))⇔∗ λ = p(+n+ sin(θ))
⇒For(±1, 0) : λ = p(n∓ sin(θ))
∗Because(n > 1), (n > sin(θ)), (λ > 0)
(2.38)
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Higher diffraction orders, e.g., (gx, gy) = (±2, 0), are derived in the same manner:
2π · n
λ
=
√(
2π
λ
sin(θ)± 2 · 2π
p
)2
⇔ λ = p
2
(n∓ sin(θ)) (2.39)
A nonpolarized excitation will couple with the antennas at a 45° angle between x-
and y-direction, i.e., the resonance of the (gx, gy) = (±1,±1) diffraction order. The
x-component of this resonance will be detected under TE and y-component under TM
polarization of the detected light. The (±1,±1) diffraction order resonance has the
following dispersion relation:
2π · n
λ
=
√(
2π
λ
sin(θ)±2π
p
)2
+
(
±2π
p
)2
⇔ (p · n)2 = (p · sin(θ)±λ)2 + (λ)2
⇔0 = λ2±p · sin(θ) · λ+ 1
2
p2(sin2(θ)− n2)
⇔λ = ∓1
2
sin(θ) · p± 1
2
· p
√
2n2 − sin2(θ)
(2.40)
The angle-dependent spectral response of the SLR of these diffraction orders is called
"Rayleigh Anomaly".
(a) (b)
Figure 2.7.: TE and TM polarization in angle resolved measurements. The emission beam
is collected at an angle θ with a polarization TM or TE in a plane that is defined by the
spectrometer slit and vertical to the substrate. (a) AuND plasmonic crystal with surface
lattice resonance (yellow framed arrow). (b) Fabry-Pérot microcavity with cavity mode
resonance (yellow framed arrow).
When the sharp resonance of one of the AuND array’s diffraction orders (discrete state)
overlaps with the broad LSPR (continuum state), Fano-type interaction takes place. The
resulting spectrum has a characteristic peak and dip (asymmetric line shape), with the
center between peak and dip (inflection point) being approximately equal to discrete
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state’s wavelength.167 However, in order to extract the FWHM of the discrete state, the
reflectivity spectrum needs to be fitted with the Fano resonance according to:168
I = C+ I0 ·
(
q+ λ−λdiscr
∆λdiscr/2
)2
1+
(
λ−λdiscr
∆λdiscr/2
)2 (2.41)
The fitting parameters are the discrete state’s resonance λdiscr and FWHM ∆λdiscr,
the Fano asymmetry parameter q (defined for positive values), the background and
amplitude parameters C and I0. Depending on the experiment, I represents the intensity
of transmission, absorption or reflectivity. The symmetric case of Fano-interaction
(asymmetry parameter q = 0) would create a negative Lorentz peak in a (reflectivity)
spectrum. If the absorptive character of the AuNDs dominates over scattering (negative
reflectivity), the spectrum exhibits the dip at shorter and the peak at longer wavelengths.
The opposite asymmetric profile is observed, if scattering were dominant. The ratio
of λdiscr to ∆λdiscr yields the quality factor Q of the AuND plasmonic crystal in the
dielectric environment of the emitter according to Equation 2.25.
2.9. Fabry-Pérot Microcavities
Planar Fabry-Pérot microcavities are comprised of two flat mirrors that enclose the
emitting material. The mirrors may be metallic or distributed Bragg reflectors, i.e.,
consecutive layers of materials with different refractive index. The resonance of the
cavity EC is determined by the distance between both mirrors LC and the effective
refractive index neff of the enclosed material (speed of light c, the Planck constant h, in
analogy to Equation 2.33):169
EC =
hc
neff · 2 · LC (2.42)
For multiple layers in the Fabry-Pérot cavity neff describes the averaged dielectric
properties.
The cavity thickness is dependent on the collection angle (Figure 2.7b) and so is the
resonance. The energy dispersion of the cavity mode with a minimum at EC in forward
direction at 0° is governed by the effective refractive index neff of the cavity and by the
31
2. Background
wave vector |k|, having a parallel k‖ and a vertical component kz = 2πLC . A parabolic
approximation is reasonable for small values of k‖.169
EC(θ) =
h¯c · |k|
neff
=
h¯c
neff
√(
2π
LC
)2
+
(
k‖
)2 ≈ hc
neff · LC +
h¯c · k2‖
2neff
(2.43)
Trigonometric considerations lead to the angle-dependence (θ) of the parabolic approxi-
mation (EC from Equation 2.42):169
EC(θ) = EC ·
(
1−
(
sin(θ)
neff
)2)−1/2
(2.44)
The quality factor Q of a Fabry-Pérot microcavity is defined by the quotient of the cavity
mode’s resonance and its FWHM (∆EC = 2 · h¯ΓC). These values are obtained by fitting
a Lorentzian function to the reflectivity spectrum of the cavity in forward direction.
Q =
EC
∆EC
(2.45)
One can conclude from Equation 2.42 that the effective mass of the photon in a cavity is
mC =
h¯neff
cLC
, resulting in values around mC ≈ 3 · 10−36 kg for neff = 1.96 and the cavity
thickness LC =260 nm. While the microcavity has a purely photonic resonance, the
emitter’s character is purely excitonic. The energy dispersion of the exciton is described
by:
EX(θ) =
h¯2|k|2
2mX
(2.46)
However, as a result of the comparably high excitonmassmX ≈ 2 · 0.01 ·me ≈ 2 · 10−32 kg,
roughly four orders of magnitude above the effective mass of the photon in the cavity,
the exciton is regarded dispersionless.169
For the interaction between these two particles (exciton and photon), four cases can
be described: First, if the emitter and the cavity are completely off-resonant, they will
not interact at all. The emission remains uncoupled, dispersionless and of excitonic
character. If one keeps tuning the cavity resonance minimum towards the excitonic
absorption energy, i.e., reduces the detuning ∆ = EC − EX, the excitonic and photonic
modes will start to interact. This second case, the weak coupling regime, is indicated by
a parabolic angle dependence of the excitonic emission, following the reflectivity of the
cavity.57 The third and fourth case of strong and ultrastrong coupling are described in
the following section.
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2.10. Strong Light-Matter Coupling
Coupling of a material’s excitons and a cavity’s photons originates in the formation of
excitons inside the cavity under resonance conditions (small to no detuning ∆). The
cavity may be any type of resonator that confines a photonic or plasmonic field, e.g., a
planar Fabry-Pérot microcavity, a photonic crystal, a photonic microstructure (sphere,
toroid, pillar, etc.), a plasmonic crystal or a plasmonic nanoantenna (disc, rod, Yagi-Uda,
bowtie, etc.).170 If the rate of energy exchange between the cavity photons and emitter
excitons exceeds their decay rates, the strong coupling regime is entered. In this regime,
the exciton and microcavity photon form a new quasi-particle called "exciton-polariton".
As the coupling of excitons and photons resembles the coupling of two harmonic oscil-
lators, their properties are described by the "coupled oscillator model". The photonic
oscillator CM is described by the cavity mode resonance EC with a FWHM 2 · h¯ΓC and
the excitonic oscillator X is described by the exciton energy EX with a homogeneously
broadened FWHM 2 · h¯ΓX. Both oscillators have orthogonal degrees of freedom, hence
|C〉 = ( 10 ) and |X〉 = ( 01 ).169 They are connected by a Hamiltonian that includes the
coupling potential VA. The coupled exciton-photon system is thus described by the
following eigenvalue equation:169,171
(
EC(θ) + ih¯ΓC VA
VA EX + ih¯ΓX
)
·
(
α˜
β˜
)
= E ·
(
α˜
β˜
)
(2.47)
The eigenvector consists of the weighing factors of the photonic α˜ and excitonic β˜
oscillator, i.e., the photonic α = |α˜|2 and excitonic β = ∣∣β˜∣∣2 fractions of the new
eigenstates. The angle-dependent of photonic (excitonic) fractions α (β) of the polariton
branches are calculated by their projection onto the uncoupled photonic (excitonic)
plane. Solving Equation 2.47 results in the new eigenstates of the coupled system:169,171
EUP,LP =
1
2
(EX − ih¯ΓX + EC − ih¯ΓC)±
√
V2A +
1
4
(EX − ih¯ΓX − (EC − ih¯ΓC))2 (2.48)
Adding the square root term to the sum of the original oscillator resonances describes
the upper polariton (UP) EUP, subtracting the lower polariton (LP) ELP. The dispersion
of the upper and lower polariton EUP(θ) and ELP(θ) is obtained by using EC(θ) (Equa-
tion 2.44). The presence of EX and EC highlights the mixed excitonic-photonic nature
of exciton-polaritons. The LP exhibits a more photonic character at small angles and a
more excitonic character at large angles. The reverse applies to the UP.
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At negative detuning the parabolic cavity mode EC(θ)will intersect the constant exciton
mode EX, i.e. EC = EX. This point defines the Rabi splitting h¯Ω which is the energy
difference between UP and LP h¯Ω = EUP − ELP. Even when the Rabi splitting is
not defined (no intersection of the cavity and exciton mode, at positive detuning),
the coupling potential VA scales with the minimal splitting of the UP and LP branch.
Applying EC = EX to Equation 2.48 and solving EUP − ELP results in the relationship
between the coupling potential VA and the Rabi splitting:
VA =
1
2
√
(h¯Ω)2 + (h¯ΓC − h¯ΓX)2 (2.49)
Strong coupling and hybridization occur when the interaction time between the two
oscillators is shorter than their decoherence time, which is the case when:169,171
h¯Ω > h¯ΓC + h¯ΓX (2.50)
Then, the two particles exchange energy at the Rabi frequencyΩ. For h¯Ω >> h¯ΓC+ h¯ΓX
the coupling potential is simply VA = 12 h¯Ω. The magnitude of the coupling potential
relative to exciton energy g = VAEX or g =
h¯Ω
EX
is a good indicator of the coupling
strength. The strong coupling regime may be entered at values as low as h¯ΩEX = 4%. The
ultrastrong coupling regime is reached once the relative Rabi splitting exceeds 40%, i.e.,
when the relative coupling potential exceeds 20%.170
The common scheme of polariton relaxation from an exciton reservoir into the LP mini-
mum9,169,172–174 can be supplemented by the exciton generation via electrical pumping
(Figure 2.8c). Depending on the electronic device, the ratio of electrons to holes ηe,h,bal
needs to be considered, especially in OLEDs.175 In LEFETs, the electron-hole efficiency
ηe,h,bal is always 100% since all charge carriers recombine. When an electron and hole
meet, 75% form triplet excitons and ηX,S = 25% singlet excitons. This singlet efficiency
may vary slightly in polymer LEFETs,17 but is taken as a constant here. In case of optical
pumping, all excited states are singlets ηX,S = 1. Four decay pathways are available for a
singlet from this exciton reservoir:
(1) Intersystem crossing into a triplet exciton state: As described in Chapter 5.6, this can
be neglected for DPPT-BT.176
(2) Radiative excitonic decay within a time τX,r: As no uncoupled PL or EL is detected,
this pathway must be regarded as insignificant (SWNT: τX,r = 5ns177, DPPT-BT: 7 ps113).
(3) Nonradiative excitonic decay within a time τX,nr: All options named in Chapter 5.6
theoretically apply here: singlet-singlet annihilation, singlet-triplet quenching, polaron-
quenching, polaron absorption, self-absorption, quenching by traps and chemical de-
fects. In addition, quenching on already formed exciton-polaritons might occur. As
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Figure 2.8.: Schematic recombination and relaxation in (b) uncoupled and (c) strongly cou-
pled emitters. (a) Recombination of electrically pumped charge carriers with an electron-hole
balance ηe,h,bal into singlet excitons with a percentage ηX,S. (b) Radiative decay (efficiency
ηX,rad) and nonradiative decay (1− ηX,nq) of the uncoupled excitons from the excited S1 to
the ground state S0, followed by outcoupling (ηout). (c) Strongly coupled excitons relax
directly and indirectly (ηX→LP) from the exciton reservoir (X) into the lower polariton (LP)
branch minimum, followed by recombination into a photon (ηLP,rad) and outcoupling (ηout).
Some excitons decay nonradiatively (1− ηX,nq). The upper polariton (UP), cavity mode
(CM) and thermal occupancy are indicated.
concluded in Chapter 5.6, polaron quenching will be the dominant mechanism for
polymer emitters. The fraction of excitons surviving these nonradiative decay paths are
summarized in the non-quenching efficiency ηX,nq. The nonradiative excitonic decay
time (SWNT smooth: τX,nr =0.15 ns, SWNT rough: 0.09 ns, DPPT-BT: 0.03 ps) is calcu-
lated from the radiative excitonic lifetime and the internal quantum yield QYint =
QYX
ηout
,
i.e., from the external quantum yield QYX (SWNT smooth: QYX = 0.28%, SWNT rough:
0.17%, DPPT-BT: 0.05%) and the outcoupling efficiency ηout:
τX,nr = τX,r · QYint1−QYint (2.51)
(4) In case of strong coupling the singlet exciton exchanges energy with the photonic
cavity mode at a higher rate than their individual decay time (Equation 2.50) and relaxes
with an efficiency ηX→LP into the lower polariton branch. This fraction of excitons that
undergoes relaxation must have survived the nonradiative processes beforehand. The
relaxation time τX→LP is estimated by the polariton lifetime, being extracted from the
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FHWM of the LP branch τLP = h¯FWHMLP , as an upper limit τX→LP ≈ τLP. This assumes
instant decay of the polaritons, which goes hand in hand with neglecting an efficiency
of polariton-polariton bimolecular quenching. Also, the same nonradiative decay
mechanisms that apply to the singlet exciton may apply to polaritons but are not treated
separately here. This omission is justified by significantly shorter polariton lifetimes
(τLP≈ 1 · 10−14 s) than exciton lifetimes (τX,r≈ 1 · 10−9-1 · 10−12 s).
Since the resulting exciton-polaritons have a photonic component α and an excitonic
component β (at 0°), one could regard them as being divided into two fractions of purely
photonic and purely excitonic character. The photon fraction will emit completely radia-
tively, while the exciton fraction will recombine radiatively (with the interal quantum
yield QYXηout ) and nonradiatively. The radiative efficiency ηLP,rad of the LP amounts to:
ηLP,rad = α+ β · QYXηout (2.52)
The purely photonic case (β=0, α=1) yields ηLP,rad =1. In the limiting case of purely
excitonic character (α=0, β=1) the ηLP,rad is equal to the internal quantum yield. As
a result of the low excitonic quantum yield, the photon fraction dominates ηLP,rad.
Cavity-LEFETs with a higher photon fraction should thus lead to higher polariton
emission.
At last, the outcoupling efficiency ηout is calculated from the effective refractive index
neff (averaged over TE and TM):18,178
ηout =
1
2 · n2eff
≈ 9− 12% (2.53)
Outcoupling losses include plasmonic excitation of metal electrodes and mirrors, light
trapping in the spacer layer, mirror and glass substrate. As the neff is equal for all SWNT
layers, so is ηout = 10%. Since the non-coupled reference LEFET contains an AlOx spacer
layer, the majority of the outcoupling losses should be the equal to the c-LEFETs.
All of the above mentioned contributions combine into the EQE, similar to previous
descriptions of OLEDs:18,175,178
EQE = ηe,h,bal · ηX,S · ηX,nq · ηX→LP · ηLP,rad · ηout (2.54)
The equations above can be justified by reducing the scheme in Figure 2.8c to the
uncoupled emitter case (Figure 2.8b). Here, the excitonic case of Equation 2.52 applies
and ηLP,rad is renamed ηX,rad (radiative efficiency of excitons). The absence of polariton
relaxation means ηX→LP = 1. By combining these considerations with Equation 2.54, the
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non-quenching efficiency can be calculated from the EQEX of the uncoupled reference
sample (analogous to Equation 5.1):
ηX,nq =
EQEX
ηe,h,bal · ηX,S · ηX→LP ·QYX =
EQEX
25% ·QYX (2.55)
Even though this ηX,nq does not include quenching of singlet excitons by polaritons, it
should be valid for all c-LEFETs of a kind. By using the ηX,nq from the reference and the
photon fraction α from the coupled oscillator model fit of each c-LEFET, the relaxation
efficiency ηX→LP can be calculated from the EQE by Equation 2.54, essentially removing
the effect of varying photonic emission with cavity tuning from the EQE.
37

3. Device Fabrication and
Characterization
3.1. Materials, Layer Deposition and Patterning
The main device used in this thesis is the light-emitting field-effect transistor (LEFET),
in top gate/ bottom contact geometry. The standard LEFET, as described in Chapter 2.1,
has been combined with optical microstructures and plasmonic nanostructures. In
this section, I will describe each layer used in these devices, the variation in choice of
materials and deposition technique, from bottom to top. As some deposition techniques
include a patterning step, all methods of patterning are included aswell. The subsections
here serve as building blocks that are referred to in the "Device Layout" sections in
Chapters 4 to 8, before discussing experimental results. Therein, the relevant transistor
stack and its fabrication technique is described, including the choice of layer thickness,
dimensions and pattern.
3.1.1. Substrates
All transistor devices were fabricated on 20 · 25mm2 sized low sodium glass substrates
(Schott AF32 Eco) with a mean square roughness of around 0.5 nm. All individual films
were deposited for specific investigation on silicon wafer chips with a roughness of
0.15 nm. All substrates were cleaned by 10min ultrasonication in acetone and 10min in
isopropanol.
3.1.2. Patterning: Photolithography and Shadow masks
Photolithographic patterning was an essential part of this thesis work, to create electrode
or film patterns down to lateral dimensions of 10 µm. Interdigitated source-drain elec-
trodes usually consisted of 20 µm wide fingers to give channel lengths of 5-40 µm and
channel widths of 0.5-20mm (W/L = 25-2000 ). Alignment markers enabled positioning
of the electrodes with respect to prestructured AuNR or AuND areas.
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For micropatterning of the source-drain electrodes, capacitor bottom electrodes, CNT
electrodes, their contact pads, Au+CNT electrodes, alignment markers and areas of
AuNRs photolithography with a Süss Microtech mask aligner (MA6) and chrome-on-
glass photolithography masks by Compugraphics Jena in hard contact mode were
employed. A single photoresist (S1813 by MicroChem) was used for alignment mark-
ers, AuNR areas, CNT electrodes and Au+CNT electrodes. For Cr/Au source-drain
electrodes, capacitor bottom electrodes and contact pads a double resist of LOR5B
(by MicroChem) and S1813 was employed to create an undercut during development.
Both resists were spincoated at 4000 rpm for 30 s and soft baked at 115 ◦C and 180 ◦C
respectively. The undercut ensured a smooth edge of the electrodes after metal evapo-
ration and lift-off. After 12-16 s exposure to the I-line (λ=350 nm, dose 150mJ · cm−2)
in the mask aligner, both resists were developed for 20-25 s in MF319 developer (by
MicroChem). The subsequent steps, such as metal evaporation, wet-chemical etching,
oxygen plasma etching etc. are described in the following sections. To remove the
patterned and developed resist a lift-off in n-methyl-2-pyrrolidone (LOR5B + S1813
double resist) or in acetone (S1813 single resist) was executed.
Larger metallic structures of the order of millimeters (capacitor top electrodes, gate
electrodes, cavity top and bottom mirrors) were patterned by 0.3mm stainless steel
shadowmasks or polyimide foil shadowmasks (by CADiLAC Laser GmbH). Themetals
were deposited through the shadow masks by thermal or electron-beam evaporation
(Section 3.1.5).
3.1.3. AuNR Synthesis and Deposition
Gold nanorods (AuNRs) were used as plasmonic antennas in Chapter 6 and produced
by wet-chemical synthesis. The AuNR were synthesized by Fabrizio Zagros Sadafi at
FAU Erlangen-Nuremberg, following the methods of Ye et al.179 Two sizes of AuNRs
were prepared: nominally 70 · 20 nm (short AuNRs) and 130 · 20 nm (long AuNRs). To
prepare seeds, 5mL of 0.5mM HAuCl4 were mixed with 5mL of 0.2mM cetyltrimethy-
lammonium bromide (CTAB) in a flask. Then 1mL of freshly prepared 6mM NaBH4
were injected into the flask under vigorous stirring for 2min. The solution changed
its color rapidly from yellow to brown. To ensure complete NaBH4 consumption, the
solution was aged for 30min. 9 g of CTAB and 1.234 g of sodium oleate were dissolved
in water at 50 ◦C and the solution was left to cool down to 30 ◦C. Subsequently, 12 or
24mL (for short or long AuNRs, respectively) of a 4mM AgNO3 solution were added
and the solution was gently stirred for 15min. Then, 250mL of 1mM HAuCl4 were
added and the solution turned form yellow to colorless after 90 s of stirring. 2.1mL
or 3mL of 37% HCl were introduced during gentle stirring and after another 15min
40
3.1. Materials, Layer Deposition and Patterning
1.25mL of 64mM ascorbic acid were injected under vigorous stirring. After 30 s the
0.8mL or 0.05mL of the as-prepared seed solution were introduced to the reaction
solution, which was stirred for another 30 s. Finally, the dispersion was left undisturbed
at 30 ◦C overnight in order to allow AuNR growth.
For the ligand exchange procedure the following method was used as described by
Thierry et al.180 Briefly, under vigorous stirring, equal volumes of AuNR dispersion in
water (washed 3 times) and a polyethyleneglycol-thiol (PEG-SH) solution (1mg ·mL−1
in H2O) were mixed, sonicated for 30 s and left to react for 12 h. Excess PEG molecules
were removed by centrifugation at 15 000 rpm for 10min and the PEGylated nanorods
were redispersed in tetrahydrofuran.
The AuNRs were deposited from a 30µL volume of the tetrahydrofuran dispersion by
doctor blading with a top glass slide onto glass substrates. The top glass slide prevented
fast evaporation of the entire tetrahydrofuran and a coffee-ring effect, which would
be the case with conventional doctor blading. Hence the solvent evaporated only at
the top glass slide’s edge and deposited the dispersed AuNRs homogeneously if the
pulling speed is constant and homogeneous. A "slip-stop" motion allows to create high
density lines of AuNRs, if desired. No spacer between substrate and top glass slide was
used, as it did not improve the process. Executing the entire process on a 80 ◦C hotplate
promoted the homogeneity of the AuNR film and prevented agglomeration. Repeating
the process multiple times increased the final AuNR density. A saturation of density
was observed after around 11 to 15 repetitions.
3.1.4. AuND Electron Beam Lithography and Deposition
Gold nanodisks (AuNDs) were used as plasmonic antennas in a plasmonic crystal in
Chapter 7. They were constructed by electron-beam lithography by Bernd Hähnlein
at TU Ilmenau on glass substrates with a Raith 150 system (Raith GmbH). To avoid
charging and to allow charge transport from back-scattered electrons, a 2 nm Cr layer
was applied via physical vapor deposition (PVD) on top of the glass substrate. Subse-
quently a two-layer resist consisting of poly(methyl-methacrylate) (PMMA) AllResist
AR-P 617.03 (90 nm thickness) and AR-P 679.02 (70 nm) was spincoated. The use of a
two-layer resist enabled an undercut, which is controlled by the annealing temperature
(200 ◦C for 10min for the AR-P 617.03 and 150 ◦C for 3min for the AR-P 679.02). An
additional 3 nm gold layer was sputtered on top to avoid charging. Electron-beam
lithography was done by exposure in two steps with 10 kV and 60µm aperture. The
first step included the fabrication of alignment markers on which, in the second step,
the focus plane was adjusted, which enabled exposure of larger structures in contrast
to focusing on the gold surface. After each of the two electron-beam lithography steps
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25 nm gold were applied using physical vapor deposition. To enhance the adhesive
strength the sample was sputtered with argon for 30 s at 100W before metal deposition.
The lift-off process was carried out using dimethylsulphoxide. The structures were
oxidized in a rapid thermal annealing process at 500 ◦C for 30 s. The chromium layer
was fully oxidized and had no impact on the plasmonic structure. The final AuNDs
were capped by evaporation of 1 nm Al and native oxidation for reduced metal surface
quenching of excitons. The different sizes, pitches and field layouts of the AuNDs are
discussed in Chapter 7.3.
3.1.5. Evaporating Metal Electrodes and Mirrors
Evaporating metal films is an integral part of constructing LEFETs, serving as bottom
source-drain electrode, bottom side gate electrode, metal contact pad for CNT electrodes
or bottom electrode in capacitors. All of these metallic electrodes were structured by
photolithography (Section 3.1.2), followed by electron-beam evaporation (HVB-130
by Winter Vakuumtechnik) of a 2 nm Cr adhesion layer and 30 nm Au. The same
double layer was used to make cavity bottom mirrors and top capacitor electrodes, but
patterned by shadow masks. Top gate electrodes, which simultaneously serve as cavity
top mirrors, were patterned by shadow masks followed by Ag evaporation (30-60 nm
thickness) in a thermal source evaporator. This evaporator was located in a glovebox to
ensure transistor processing in inert atmosphere after semiconductor deposition.
3.1.6. Carbon Nanotube Source-Drain Electrodes
The transparent conductive CNT films for source-drain electrodes in Chapter 4.3 were
synthesized by Antti Kaskela and Patrik Laiho at Aalto University by the floating
catalyst method, as previously described.181–183 Using carbon monoxide as the carbon
feedstock, ferrocene as the catalyst precursor being sublimated in a flow of carbon
monoxide, and carbon dioxide (25 vol%) to modulate the nanotube length and diameter,
the gas mixture was injected into a high temperature vertical synthesis reactor at 880 ◦C.
The ferrocene was thermally decomposed to iron vapor, subsequently nucleated into
iron nanoparticles, which catalyzed the single-walled carbon nanotube growth by the
Boudouard equilibrium. All of this occurred in a laminar flow. The grown CNTs were
collected at the reactor outlet on a nitrocellulose filter, forming a randomly oriented CNT
network, and press transferred onto glass substrates, as previously described.140,184
Before patterning the CNT films into electrodes, Cr/Au contact pads were constructed
by photolithography on top of the CNT film, using a regular source-drain dark-field
photomask and protecting the channel area from metal evaporation by aluminum foil
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Figure 3.1.: Molecular structures of SWNT-dispersing polymers PF-12 and PFO-BPy, the
wide bandgap polymer F8BT, the dielectric polymer PMMA, the ion gel polymer PVDF-HFP
and the ionic liquid [EMIM][FAP].
coverage. To pattern the CNT films into source-drain electrodes, the electrode fingers
were protected by photoresist with the equivalent bright-field mask (Section 3.1.2). The
CNT film in the channel area was then removed by oxygen plasma etching (2min at
0.3mbar), followed by lift-off of the protective photoresist. As measured by AFM and
SEM, the CNT films were neither affected by the multiple exposure, development and
lift-off steps (in acetone or n-methyl-2-pyrrolidone) during lithography nor electron-
beam evaporation of the Cr/Au contact pads. In order to remove moisture and residual
solvent an annealing step at 300 ◦C in N2 atmosphere was conducted.
For the CNT decorated Au electrodes ("Au+CNT electrodes"), single-walled semi-
conducting carbon nanotubes with small diameters (named "RN-CNTs") were selec-
tively dispersed by PF-12 polymer (Figure 3.1, poly(9,9-di-n-dodecylfluorenyl-2,7-diyl),
Mn = 4.7 kg ·mol−1, Mw = 10 kg ·mol−1, by Sigma Aldrich). Semiconducting CNTs with
large diameter ("RN-CNTs") for Au+CNT electrodes were dispersed from 1.5mg ·mL−1
plasma torch-grown SWNT raw material (RN-220 by NanoIntegris Inc., 0.9-1.9 nm di-
ameter) by 2mg ·mL−1 PF-12 polymer in toluene by bath ultrasonication for 75min, in
analogy to the dispersion routine described for the atactic a-PF12 polymer with asym-
metric side chains.28 Following the dispersion, centrifugation at 60 000 g for 60min
removed other carbon materials and cleaned the RN-CNTs. Ultracentrifugation of the
supernatant, containing the selected CNTs and excess polymer, at 284 000 g for 14 h
pelletized the CNTs. The pellet was washed several times with toluene and finally
redispersed in toluene by bath sonication to an S2 absorbance of around 10, as measured
with a 1:10 diluted sample.
This RN-CNT dispersion was spincoated three times into fully fabricated Au electrodes
in order to produce a thick film. Covering the RN-CNT with photoresist and flood-
exposing the substrate from the backside and using the Au electrode fingers as a mask,
left the electrode fingers covered and the channel area uncovered after photoresist
development. Oxygen plasma etching and lift-off, as described above, completed the
procedure. An annealing step at 300 ◦C in N2 atmosphere ensured the removal of
moisture and residual solvent.
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3.1.7. Semiconducting Polymers
Five different semiconducting polymers were used in this work, as summarized in
Table 3.1. All of them are donor-acceptor copolymers. DPPT-TT, DPPT-BT, IGT-BT
and BPT-T have a narrow bandgap (Figure 5.1) and are treated in detail in Chapter 5.
F8BT is a wide bandgap polymer (Figure 3.1, used in Chapter 4.3.3). All of these
semiconducting polymers were dissolved and spincoated to form homogeneous layers.
Table 3.3 lists the solvents, spincoating time and annealing temperatures being used
for each polymer. The annealing removed residual solvent and aided in the formation
of an amorphous film and increases the mobility.107 The concentration and spin speed
were varied according to the desired layer thickness.
Table 3.1.: Semiconducting polymers with their acronym, full name, number-averaged (Mn)
and weight-averaged (Mw) molecular weight. Synthetic sources: apurchased from Flexink
Ltd., b,csynthesized by bRaja Shahid Ashraf185 and cJoseph Rumer186 at Imperial College
London, dpurchased from Cambridge Display Technology Ltd.
Acronym Name Mn Mw
kg ·mol−1
DPPT-TTa poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-
yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-
b]thiophene)
23 87
DPPT-BTa poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-
2-yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-
benzo[c][1,2,5]thiadiazole)
33 87
IGT-BTb poly((E)-4,4’-bis(2-octyldodecyl)[6,6’-bithieno[3,2-
b]pyrrolylidene]-5,5’-dione-alt-benzo[c][1,2,5]thiadiazole)
40 60
BPT-Tc poly(1,5-bis(2-octyldodecyl)-3,7-di(thiophen-2-
yl)pyrrolo[2,3-f ]indole-2,6-dione-alt-thiophene)
34 57
F8BTd poly(9,9-dioctyl-fluorene-co-benzo[c][1,2,5]thiadiazole) 74 170
3.1.8. Semiconducting Carbon Nanotubes
Semiconducting carbon nanotubes were purified by selective dispersion and used as a
semiconductor in Chapters 4.3.4, 7, 8. For chirality selection of the (6,5) single-walled car-
bon nanotubes ((6,5) SWNTs), 0.38mg ·mL−1 CoMoCat single-walled carbon nanotube
raw material (by Aldrich, 0.7-0.9 nm diameter) was dispersed with 0.5mg ·mL−1 PFO-
BPy polymer (Figure 3.1, poly(9,9-dioctyl-fluorene-2,7-diyl-alt-6,6’-(2,2’-bipyridine)),
Mw = 34 kg ·mol−1, by American Dye Source) in 140mL toluene by shear-force mixing
(Silverson L5M-A mixer) for ≈ 80 h at a maximum speed of 10 230 rpm.187 A cooling
bath ensured a constant temperature of 20 ◦C. The dispersion step was followed by
centrifugation at 60 000 g (Beckman Coulter Avanti J26XP centrifuge) for 45-60min with
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an intermediate supernatant extraction and centrifuge tube exchange after 15-30min,
to remove agglomerates and other residues such as catalyst particles, amorphous car-
bon, etc. The dispersed (6,5) SWNTs of the supernatant were pelletized by another
ultracentrifugation step for 12 h at 284 600 g (Beckman Coulter OptimaMax XP table-
top using polyallomer centrifuge tubes). The pellet was washed with pure toluene to
remove excess polymer. The ultracentrifugated pellet was then redispersed in a volume
of toluene by bath ultrasonication (Bandelin Sonorex Digitec DT 102 H) to achieve a
desired concentration for spincoating or aerosol jet printing (Section 3.1.12).
3.1.9. Dielectric Polymers and Ion Gels
Four types dielectric layers were used for LEFETs in this thesis: a single layer of the
dielectric polymer PMMA (Figure 3.1, poly(methyl methacrylate)), a single layer of
oxide (Section 3.1.10), a hybrid layer of polymer and oxide(s) and or a layer of an ion gel.
Three stereoisomers of PMMA were used in this thesis (Table 3.2). Each was dissolved
in n-butylacetate in different concentrations and deposited by spincoating, an overview
of thicknesses is given in Table 3.3. The syndio- and isotactic PMMA were investigated
and compared in Chapter 4.1. The atactic PMMA was only used for charge transport
measurements in Chapter 5.3. The syndiotactic PMMA was used as part of the hybrid
dielectric with HfOx in almost every chapter.
Table 3.2.: Stereoisomers of PMMA with their type name, product acronym, number-
averaged (Mn) and weight-averaged (Mw) molecular weight and source of supply.
Type Product Mn Mw Source
Name kg ·mol−1
79% syndiotactic PMMA P8509P-MMA EG 300 315 Polymer Source
99% isotactic PMMA P6325-iMMA 290 319 Polymer Source
atactic PMMA atactic PMMA - 350 Sigma Aldrich
For charge accumulation spectroscopy (CAS) in Chapter 5.6, non-interfering elec-
troluminescence (Chapter 4.2.5) and fully transparent CNT LEFETs (Chapter 4.3.4)
electrolyte gating with an ion gel was used. The ion gel consisted of PVDF-HFP
polymer (Figure 3.1, poly(vinylidene fluoride-co-hexafluoropropylene), by Aldrich,
Mw≈ 400 kg ·mol−1) and the ionic liquid [EMIM][FAP] (Figure 3.1, 1-ethyl-3-methyl-
imidazolium tris(pentafluoroethyl)-trifluorophosphate, high-purity grade, by Merck)
dissolved in acetone in a mass ratio of 1:4:14 for PVDF-HFP : ionic liquid : acetone. The
iongel was spincoated onto the semiconductor at 2000 rpm for 30 s and contacted with
a large side gate pad (0.04 cm2). The side gate pad exceeded the total transistor channel
area, used the same material as the source-drain electrode and was not covered by the
semiconductor. Annealing in N2 at 55 ◦C for several hours removed residual solvent.
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3.1.10. Dielectric Oxides by Atomic Layer Deposition
In addition to dielectric polymers and ion gels, oxides were used as dielectric layers and
deposited by atomic layer deposition (ALD, Ultratech Savannah S100). Sequentially
exposing the sample surface to an organometallic precursor and subsequently to a
source of oxygen provides a layer-by-layer deposition of oxide. The process was carried
out under a constant flow of N2. After a short pulse of the organometallic precursor
into the N2 flux the molecules form a monolayer on the surface. Once the surface is
saturated with precursor molecules after a minimumwaiting time a second layer cannot
grow on top. Only after oxidation and the formation of OH-groups, a new monolayer
of precursor molecules can be deposited. The final oxide layer thickness is determined
by the number of precursor and oxidant cycles.
Tetrakis(dimethylamino)hafnium and trimethylaluminium precursors were used for
hafnium oxide (HfOx) and aluminium oxide (AlOx) layers, respectively. Either water
(all chapters) or ozone (Chapter 4.2.2) may be used as the source of oxygen. The
deposition was carried out at low temperatures (100 ◦C/ 80 ◦C for HfOx/ AlOx) in
presence of a semiconductor or high temperatures (200 ◦C) for MIM capacitors and
c-LEFET spacers. A pulse length of 0.015 s and a waiting time of 10 s, both for precursor
and water, provides a full and homogeneous coverage of the sample substrate. Only
layers of below 10nm thickness required longer waiting times to improve the layer
homogeneity. One deposition cycle resulted in a 1.2Å thick HfOx and 0.77Å thick AlOx
layer at 100 ◦C or 80 ◦C, respectively. The AlOx layers were used to prevent etching of
the HfOx dielectric when using a PEDOT:PSS gate (Chapter 7) and as a spacer on top of
the bottom mirror in Fabry-Pérot cavities (Chapter 8).
3.1.11. Conducting Polymers
Besides evaporated Ag, the conductive polymer PEDOT:PSS was used as a gate elec-
trode. A pH-neutral high conductivity PEDOT:PSS dispersion (Sigma Aldrich, Orgacon
N-1005, 0.83% in H2O) with a small addition of Triton-X-100 surfactant (Sigma Aldrich)
was printed by aerosol jet printing. The pH-neutral PEDOT:PSS did not etch the un-
derlying dielectric layers, whereas formulations like FHC Solar or PH 1000 (both by
Heraeus) did. A 5nm thin AlOx layer was deposited on top of the dielectric’s HfOx
layer before PEDOT:PSS printing for additional etching protection. The AlOx layer was
produced by ALD with trimethylaluminium as an aluminium precursor and water at
80 ◦C.
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3.1.12. Spincoating and Aerosol Jet Printing
Table 3.3.: Solution (solvent, concentration, filtering in a 0.45 µm PVDF filter), spincoating
(speed, time) and annealing (temperature, time always 30min) parameters and correspond-
ing layer thickness for polymers, SWNTs/ CNTs and ion gels.
A = absorbance, CB = chlorobenzene, oDCB = 1,2-dichlorobenzene, oX = 1,2-xylene, To =
toluene, BuAc = n-butyl acetate, Ac = acetone, s-PMMA = syndiotactic PMMA, a-PMMA =
atactic PMMA
Material Solvent Conc. Filt. Speed Time Temp. Thick. Section
mg ·mL−1 rpm s ◦C nm
DPPT-TT oDCB 10 yes 5000 120 320 10 5.610 yes 1000 120 320 28-30 4.2.4, 5.3
DPPT-BT CB
8 yes 5000 60 200 15 5.6, 6
8.5 no 5000 60 200 26 7.5.2
8 yes 4000 60 200 27 6.5.3
8 yes 1000 60 200 36 5.3
8.5 no 2000 60 200 40 7.5.1
8.5 no 5000 60 200 39 8.4
10 no 6000 60 200 39 8.4
10 no 3000 60 200 60 8.4
BPT-T CB 3 yes 1000 60 175 34 5.3
IGT-BT oDCB 8 yes 1000 120 300 31 5.3
F8BT oX 8 yes 1000 60 115 46 4.3.3
(6,5) SWNTs To
(A=1.9) no 1000 2·60 300 14 7.5.3
(A=0.9) no 1000 3·120 300 19 8.3
(A=2.5) no 1000 2·120 300 33 8.3
RN-CNTs To (A=2) no 2000 2·120 300 - 4.3.3
PFO-BPy To 5 no 3000 120 - 13 8.35 no 2000 120 - 16 7.5
s-PMMA
BuAc
6 yes 6000 60 80 11 4.2.4, 4.3.4,5, 6, 8
15 yes 6000 60 80 39 4.3.4
20 yes 6000 60 80 51 8.4
50 no 4000 60 80 230 7
60 yes 2000 60 80 470 4.2.4
60 yes 2000 60 80 424 4.2.5
60 yes 1000 60 80 610 4.2.5
60 yes 1000 60 80 640 4.2.5
a-PMMA 70 yes 2000 60 80 791 4.2.5
s-PMMA 70 yes 1000 60 80 1023 4.2.5
a-PMMA 70 yes 1000 60 80 1309 4.2.5
a-PMMA 70 yes 2000 60 80 700 5.3
[EMIM][FAP] Ac 35wt% no 2000 30 55 – 5.6+PVDF-HFP
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The semiconducting polymers, semiconducting SWNTs, RN-CNTs for CNT-decorated
Au electrodes, dielectric polymers and ion gels were applied from solution via spin-
coating. Filtering the solution with a 0.45 µm polyvinylidene fluoride filter before
spincoating minimizes the number of dust particles in the final film, but also decreases
the film thickness when using highly concentrated solutions. The spincoating technique
includes a full coverage of the substrate with the material’s solution, rotation of the
substrate, centrifugal removal of excess solution and the formation of a thin liquid film,
drying of the solvent and results in a solid thin film of the material. The amount of
liquid has no effect on the final film, as long as the entire surface is covered. Similarly,
the coating time is irrelevant once the minimum time for drying the film is reached, as
determined by the vapor pressure of the solvent. The final film thickness is determined
by the rotational speed and the concentration of the solution (Table 3.3). For CNT
films, the thickness could also be increased by repeating the spincoating procedure
(indicated by "2·120" in Table 3.3) after a short annealing step at 120 ◦C of several min-
utes. Preparing the solution, spincoating and annealing were carried out in a dry N2
glovebox. Annealing the spincoated film removed residual solvent and water, increased
the degree of order and crystallinity in polymers (typically above 200 ◦C), but did not
affect the film’s thickness.
Aerosol jet printing was carried out with an Optomec 200 or 300 Aerosol Jet Printer.
It is a digital printing method to deposit polymer films and SWNT networks with
a line width of 50-60 µm. The technique is based on the formation of an aerosol by
ultrasonicating the solution in a stream of N2 carrier gas. At the print nozzle, the carrier
gas is focused by a stream of N2 sheath gas, which partially defines the spot size and
thus line width. A shutter controls the deposition during the line-shaped motion of
the printing nozzle across the substrate. Other relevant parameters for the line width,
besides the sheath gas flow rate, are the solutions concentration, ultrasonication bath
power (varies between machine models), carrier gas flow rate, nozzle diameter, nozzle
speed, stage temperature and the number of printing repetitions. A closed film is
fabricated by printing lines side-by-side. Therefore the line width and the line pitch
(distance) determine the final layer thickness. Compared to spincoating, the increased
deposition time per area is compensated by the advantages of lowmaterial consumption
and locally defined deposition.
The (6,5) SWNT films in Chapter 4.3 were obtained from a printable ink by first redis-
persing a (6,5) SWNT pellet in a mix of toluene and 5 vol% terpineol to an absorbance of
3 of the S1 excitonic transition at 997 nm (absorbance of 0,06 for a 1:49 diluted sample).
They were aerosol jet printed by Marcel Rother (Heidelberg University) through a
200 µm nozzle in a single printing run. The lines of 25 µm pitch were printed with a car-
rier gas flow of 20 cm3 ·min−1, sheath gas flow of 30 cm3 ·min−1, stage temperature of
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100 ◦C, nozzle speed of 5mm · s−1 in ambient conditions, resulting in a SWNT network
of 10-20 nm thickness. After printing, the SWNT film was rinsed with tetrahydrofuran
and isopropanol and annealed at 300 ◦C in dry N2.
The PEDOT:PSS gate electrodes in Chapter 7 were printed by Tobias Rödlmeier and
Ralph Eckstein (Karlsruhe Institute of Technology) with a 200 µm nozzle at a carrier
gas flow of 25-30 cm3 ·min−1, sheath gas flow of 6-8 cm3 ·min−1, stage temperature
of 60 ◦C, nozzle speed of 5mm · s−1 with a 20 µm line pitch in ambient conditions. A
single run yielded a film thickness of approximately 200 nm.
3.1.13. Encapsulation
To avoid degradation during operation in air, all devices were encapsulated for opto-
electronic measurements with a glass cover slip and epoxy resin (Rubnor, PX681C/NC)
or UV-hardening resin (Delo Katiobond LP655). The latter was used for SWNT LEFETs,
since they are unaffected by UV light. In addition, it was used for electrolyte-gated
LEFETs, since the epoxy resin is applied below the entire cover slip and may mix with
the ion gel whereas the UV-hardening resin encapsulates safely when merely applied to
the cover slip edge. The epoxy resins requires more than 10 h hardening, the UV curing
takes 2min. After encapsulation, the electric properties of polymer LEFETs remained
remarkably stable over several months under ambient conditions.
3.2. Film Morphology and Thickness Characterization
The morphology of the relevant films were either investigated by depositing the film in-
dividually on a silicon wafer or glass slide substrate or, if possible without permanently
damaging the device, directly after deposition onto the source-drain electrodes.
3.2.1. Optical Microscopy and Scanning Electron Microscopy
Optical microscopy was carried out in bright field and dark field mode with an Olympus
microscope (BX60). Olympus objectives with a magnification from ×5 to ×100 were
used. The exposure time and white balance was adjusted according to the sample. For
higher magnifications, e.g. of AuNRs or AuNDs in Chapters 6 and 7 or for CNTs in
Chapter 4.3, a Carl Zeiss Auriga field-emission scanning electron microscope was em-
ployed with an acceleration voltage of 1 kV. Florentina Gannot and Manuel Schweiger
(FAU Erlangen-Nuremberg) assisted in the acquisition of the SEM images.
49
3. Device Fabrication and Characterization
3.2.2. Atomic Force Microscopy and PF TUNA
A Bruker Bruker Dimension Icon Atomic Force Microscope was used for mapping the
surface topography and measuring the thickness of layers below 10nm. Either tapping
mode or Bruker’s ScanAsyst mode (peak force mode) were used. For layer thickness
measurements, the AFM scanned across the edge of a scratch. The scanning parameters
(speed, size, amplitude, setpoint) were chosen according to the desired image quality.
In addition to surface topography the Bruker AFM is capable of a proprietary Peak
Force Tunneling AFM (PF TUNA) mode, that combines tunneling currents in the pA
range with Bruker’s Scan Asyst mode. The currents in PF TUNA are several orders of
magnitude below the commonly used conductive AFM (µA range). The contact current
averaged the current over the entire timespan of contact.
3.2.3. Profilometry
In order to measure layer thicknesses above 10 nm and up to 2000 nm, a profilometer
(KLA-Tencor D100 or Veeco Dektak 150) was utilized. Both machines used a 2.5 µm
diameter stylus. Soft materials (polymers) were scratched, whereas hard materials
(metals and oxides) were deposited onto a lithographically patterned photo resist and
measured across the edge of the pattern after lift-off.
3.3. Electrical Characterization
For electrically pumped light-emitting devices, their electrical characterization is essen-
tial. A thorough electrical characterization in inert dry N2 atmosphere was executed
with current densities below permanent damage, before the electroluminescence char-
acterization. Some chapters include electrical measurements in air which utilized the
same experimental setup that was used in the glovebox. During electroluminescence
experiments (always in air), current-voltage characteristics were recorded as well.
3.3.1. Sheet Resistance
The sheet resistances of the CNT films in Chapter 4.3.1 were measured by Antti Kaskela
and Patrik Laiho (Aalto University) in a four-point probe setup (Jandel Engineering
Ltd., UK, tip radius 250 µm, tip spacing 1mm) with a digital multimeter (HP 3458A).
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3.3.2. Dielectric Breakdown
The breakdown voltage of the capacitors in Chapter 4.2.2 was determined by applying
an increasing DC voltage with an Agilent 4156C Semiconductor Parameter Analyzer to
the capacitor and recording the current response. At low voltages, leakage currents on
the order of 10 nA were measured. The breakdown voltage was defined at the point of
a rise in current over several orders of magnitude on a logarithmic scale. Often a slight
rise in current of a factor of 2-5 preceded the breakdown. Capacitors with immediate
breakdown were considered faulty, e.g., from dust particles, and disregarded. Neither
the polarity of the voltage bias nor the place of the ground electrode (PMMA or oxide
side of the hybrid dielectric) affected the average breakdown voltage.
3.3.3. Capacitance
The capacitance of the dielectric layers was determined by an Agilent E4980A Precision
LCRMeter for metal-insulator-metal (MIM) capacitors (Chapter 4.2.3) or metal-insulator-
semiconductor-metal (MISM) capacitors next to transistors. For MIM capacitors, the
capacitance was measured by an AC voltage with an amplitude of 0.5V at a frequency
1000Hz, sweeping the mean the from −5V to 5V. The capacitance was independent of
the mean voltage and averaged across the entire range.
MISM capacitors of 3 different sizes were used to determine the gate dielectric capaci-
tance of the neighboring transistors. The limited mobility of the charge carriers in the
semiconductor layer created an additional AC capacitance at high frequencies, while the
contact resistance caused a DC capacitance at low votlages. Both needed to be excluded
in order to extract the capacitance of the dielectric. For this, a first voltage sweep at
5000Hz (0.5V amplitude) indicated the minimum onset voltage Vmin to be exceeded.
A second sweep versus frequency at V > Vmin revealed the minimum frequency fmin
that provided a signal with minimal noise, usually around 5000Hz. The final voltage-
dependent sweep at fmin from −8V to 8V resulted in a trough-shaped capacitance
curve. The plateaus at high voltages represented the capacitance without the semicon-
ductor layer, as the charges accumulated at V > Vmin at the semiconductor-dielectric
interface instead of the electrode-semiconductor interface.
3.3.4. Transfer, Output and Constant Current Characteristics
Current-voltage characteristics of LEFETs were recorded with an Agilent 4156C Semi-
conductor Parameter Analyzer or a Keithley 2612A source meter during electrical
excitation in electroluminescence experiments (EL spectra, EL imaging, EL EQE), am-
bipolar quenching, unipolar quenching, charge absorption spectroscopy and for charge
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transport characterization. This includes transfer characteristics (constant drain voltage),
output characteristics (constant gate voltage), bias stress tests (constant gate and drain
voltage), constant current characteristics (constant drain current) and capacitor mode
sweeps (very low constant drain voltage). Each of these measurements returns drain
current (or drain voltage in case of constant drain current) and gate current data. For
better visibility, the gate current was rarely plotted in the graphs. Nonetheless, only
data where the gate current is at least one order of magnitude (usually 2 to 3 orders
of magnitude) below the drain current is used and shown. The charge transport key
figures, such as linear mobility (Equation 2.3), saturation mobility (Equation 2.5), onset
voltage, threshold voltage, trap density (Equation 2.1), on-conductance (Equation 2.6)
and on/off ratio were calculated from the transfer characteristics. These were averaged
over 12-16 devices, except for Chapter 6 and 6, where only 2-4 devices of each AuNR or
AuND size were available. A fourth channel for the photodiode current was required
for the EL EQE measurement, as provided by the Agilent 4156C SPA.
Low temperature charge transport measurements were performed in a closed-cycle
He-cryostat (Lakeshore CRX-6.5K) from 170-300K in steps of 10K.
3.4. Optical and Spectroscopic Characterization
Several spectroscopic and imaging methods were applied to individual films and
completed devices. Photoluminescence imaging and spectroscopy (real space and
angle-resolved), electroluminescence imaging and spectroscopy (real space and angle-
resolved), angle-resolved reflectivity, photoluminescence quenching and photolumines-
cence quantum yield were measured in two optical setups. Imaging and spectroscopy
were carried out in the same setup by switching from amirror to a grating in the detector.
The electroluminescence external quantum efficiency was measured in a separate setup.
3.4.1. Ellipsometry
The anisotropic complex refractive index of DPPT-BT copolymer was measured by
Yuriy Zakharko (FAU Erlangen-Nuremberg) and Ali Mahdavi (Max Planck Institute
of Physics of Light) with a Horiba Jobin Yvon UVISEL ellipsometer and fitted with
a multi-coefficient model over the spectral range of 500-1500 nm in the DeltaPsi 2
software. The fit focused on the in-plane dipoles and kept the out-of-plane refractive
index constant (Figure 6.1a). A second fit of new data was acquired with a Woollam
M-2000-DI ellipsometer by Arko Graf and Laura Tropf (University of St. Andrews).
Their evaluation with the WVASE32 software considered in-plane and out-of-plane
components (Figure 6.1b).
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3.4.2. Raman Microscopy and Spectroscopy
Raman spectra and maps of CNT electrodes (Chapters 4.3.1), (6,5) SWNTs and DPPT-BT
(Chapter 8.5) were obtained with a Renishaw inVia Reflex confocal Raman microscope
(×20 objective). The Raman measurements of CNT electrodes in Chapter 4.3.1 were
conducted by Jana Zaumseil (FAU Erlangen-Nuremberg/ Heidelberg University), the
Raman spectra of (6,5) SWNTs and of DPPT-BT in Chapter 8.5 by Marcel Rother and
Kevin Synnatschke (Heidelberg University), respectively.
3.4.3. Absorption Spectroscopy and Charge Accumulation
Spectroscopy
Fourier Transformed Infrared Spectroscopy (FTIR) of polymer films was carried out
by Jennifer Reiser (FAU Erlangen-Nuremberg) with a Thermo Scientific Nicolet 6700
(detection range 400-4000 cm−1) in attenuated total reflection mode. The micrometer
thick polymer films were drop-casted on glass slides, pulled off and placed on the
crystal for attenuated total reflection.
Absorption and transmission spectra of SWNTdispersions and thin films, CNT electrode
films, polymer solutions and thin films, AuNR dispersions and films and AuND films
were recorded with a Varian Cary 6000i UV/Vis/NIR absorption spectrometer, using a
solvent-filled cuvette or a glass slide in the reference beam. Extinction spectra of the
AuNRs inside the LEFET devices were measured in the optical setup for EL and PL
spectroscopy and calculated from spectra of white light transmission ((I) in Figure 3.2)
through the regions with (TAuNR) and without (TRef) AuNRs by
Ex = 1− TAuNR
TRef
(3.1)
Charge Absorption Spectroscopy (CAS)188 was conducted in the same Varian spectrom-
eter with electrolyte-gated LEFETs. The uncharged polymer absorbance was used for
the base line. Charges were accumulated in the polymer film by applying a gate voltage
to the ionic liquid dielectric and subsequent equilibration for 120 s. The subsequently
recorded absorption spectrum was exclusively produced by charging the polymer film.
3.4.4. Photo- and Electroluminescence Imaging
Photoluminescence imaging (PL maps) was carried out by raster-scanning the sample
with a piezo stage (Mad City Labs Inc., (VI) in Figure 3.2) at a step size of 0.5 µm
across a focused diode laser beam (III) (785 nm excitation wavelength, Alphalas GmbH,
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pulsed mode of < 60 ps pulses with 10MHz repetition rate), using a ×100 nIR objective
(VII) (Olympus LMPL100XIR, N.A. 0.8). Emitted photons were collected with the same
objective, separated by a dichroic mirror (VIII) and detected by an InGaAs/InP single-
photon avalanche diode (XII) (Micro Photon Devices Italy, detection range 900-1600 nm).
The laser signal was rejected by a 850 nm longpass filter (X). An intensity/photon counts
correction was applied to account for the detector operating in gated mode with a 30 µs
hold-off time.
Figure 3.2.: Optical setup for real-space microscopy and spectroscopy. Not all components
are used simultaneously, as described in the text.
The electroluminescence imaging, electrically pumped (II) as described in Section 3.3.4,
was carried out for emitters in the visible range (F8BT, Chapter 4) by a PixeLINK PL-
B956U 1392× 1040 color CCD camera (XIV) through a ×50 objective (VI) (Olympus
LCPLFL N LCD, N.A. 0.7). For images of the emission zone of nIR emitters (DPPT-TT,
DPPT-BT, BPT-T, IGT-BT, (6,5) SWNTs) one of three cameras was used: In Chapters 5
and 6 a thermoelectrically cooled 256× 360 pixel InGaAs array Xenics XEVA-CL-TE3
camera (XIV) (800-1600 nm), in Chapter 4 a thermoelectrically cooled 640× 512 pixel
InGaAs array NIRvana:640ST camera (XVI) (Princeton Instruments, 800-1600 nm, in
mirror-mode (XV)) or in Chapter 2 a liquid N2-cooled 1024 pixel InGaAs line cam-
era Acton OMA V:1024 1.7 (XVI) (Princeton Instruments, in mirror-mode (XV)) were
employed. In every case, the emission was collected through a×50 nIR objective (Olym-
pus LCPLN50XIR, N.A. 0.65 with correction collar, (VII)). The respective camera was
selected by a flip-mirror (XI).
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3.4.5. Photo- and Electroluminescence Spectroscopy
PL spectra were excited by an OBIS Coherent Europe B.V. continuous wave 640 nm
(20mW) or 785 nm (10mW) diode laser ((III) in Figure 3.2), with an 850 nm shortpass
filter cutting out the high wavelength laser shoulder (IV). The excitation spot size was
adjusted by two magnifying lenses (V). For EL spectra, the LEFETs were biased at
constant drain and gate voltage (II). PL and EL spectra (one dimensional, i.e., intensity
vs wavelength or energy) were recorded by an Acton SpectraPro SP2358 spectrometer
(XV) (grating 150 lines/mm) with the above-mentioned Acton OMA V line camera
(XVI) (in grating-mode (XV)). Laser excitation and PL detection was conducted through
the same ×50 LCPLN50XIR objective (VII), separated by a dichroic cold mirror (VIII)
(750 nm), focused onto the spectrometer slit with a tube lens (IX) and filtered with an
additional 850 nm longpass filter (X) for the laser signal. All spectra were corrected
against the response of the detection system with a calibrated tungsten halogen lamp
(I).
Photoluminescence excitation-emission maps (PL-PLE maps, Chapters 4, 7) were mea-
sured in the same detection setup as described for PL spectroscopy, using a wavelength
tunable output (1 nm step with laser-line tunable filter, Fianium Ltd.) of a supercon-
tinuum laser source (WhiteLase SC400, Fianium Ltd.) for excitation (III). Besides
accounting for the wavelength-dependent sensitivity of the detection system with a
calibrated tungsten halogen lamp (I), the wavelength-dependent incident laser power
was measured with a calibrated silicon photodiode power sensor for correction. PL-
PLE spectra were measured at 11 different positions to average inhomogeneities of the
sample.
For time-resolved photoluminescence measurements (Chapter 6) the output of a pi-
cosecond (< 60 ps) diode laser (III) operating at 785 nm with a repetition rate of 20MHz
(PLDD-50M, Alphalas GmbH, Germany) was focused with the nIR ×100 LMPL100XIR
objective (VII) onto the sample. The photoluminescence was collected by the same
objective and spectrally separated by a Cornerstone 260 monochromator (XVII). The
laser diode driver supplied the trigger signal to the TCSPC module (XIII) (PicoHarp
300, PicoQuant GmbH, Germany), while the output of a Si single-photon avalanche
diode (XII) (Micro Photon Devices Italy, 50 µm active area, < 50 ps resolution) was used
for photon detection.
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3.4.6. Angle-resolved Photo- and Electroluminescence and
Reflectivity Spectroscopy
In order to record polarized and angle-resolved PL and EL spectra in Chapters 6.5.2, 7
and 8, a linear polarizer ((XIX) in Figure 3.3) and a Fourier-lens (XVIII) were added to
the detection beam of the optical setup for EL and PL spectroscopy and imaging. For
PL experiments the laser beam (III) (640 nm continuous wave power 10mW or 785 nm
with 5mW) was directed through the dichroic cold mirror (VIII) and focused on the
sample down to a 1-2 µm spot size by the ×100 LMPL100XIR objective (VII). EL was
triggered with the Keithley 2612A source meter (II) (Section 3.3.4). The light emitted by
the LEFET (PL or EL) in the back-focal plane of the objective (F) was imaged through
the dichroic cold mirror (VIII), the tube lens (IX), the Fourier lens (XVIII), the polarizer
(XIX) and the longpass filter (X) (850 nm to block scattered laser light) onto the entrance
slit of a spectrometer (XV) (Princeton Instruments IsoPlane 320) and detected either
by the 640× 512 pixel InGaAs NIRvana:640ST camera (XVI) (in grating-mode) for the
nIR regime and by a back-illuminated 1340× 400 pixel CCD camera (XVI) (Princeton
Instruments, PIXIS:400) for visible light. The entrance slit of the spectrometer defined the
collection plane. This configuration enabled the acquisition of the wavelength and angle
distribution of the collected light in a single measurement, yielding a two-dimensional
spectrum (intensity vs angle vs wavelength or energy). The angle of detection θ was
limited by the numerical aperture N.A. = 0.8 of the ×100 LMPL100XIR objective to
θ < ±52°. The polarizer enabled to select transverse electric (TE) or transverse magnetic
(TM) polarized emission/ reflected light, with respect to the orientation of the entrance
slit. For a proper comparison and correct calculation of the enhancement spectra, all
absolute PL (EL) spectra were normalized by integration time and laser power (drain
current).
Figure 3.3.: Optical setup for k-space microscopy and spectroscopy. Not all components are
used simultaneously, as described in the text.
56
3.4. Optical and Spectroscopic Characterization
The angle-resolved reflectivity was measured by the same setup, replacing the laser
source with a collimated beam of a white light tungsten lamp (3 µm spot size, (I) in
Figure 3.3) and replacing the dichroic cold mirror with a 50:50 beam splitter ((VIII)). For
the AuND-LEFETs the reflectivity was defined as the difference of the signals I acquired
from the channel with and without the AuND array and normalized by the spectrum
from a 100% reflecting surface ("mirror") illuminated with the lamp being corrected for
the signal of the setup without any sample.
RAuND LEFET =
IAuND − Ino AuND
Imirror − Ino sample (3.2)
The reflectivity of the cavity-LEFETs was calculated with respect to the signal of a spot
next to the cavity where no bottom mirror was present but only the top mirror, hybrid
gate dielectric, emitter and dielectric spacer. This accounted for the setup, absorption of
the emitter and reflectivity of the substrate.
Rc-LEFET =
Icavity
Imirror
(3.3)
Measuring reliable angle-resolved EL spectra was not possible with the 50:50 beam
splitter as half of the signal was lost. Matching PL spectra were measured in both
configurations, i.e., dichroic cold mirror and 50:50 beam splitter. This procedure ex-
cluded setup-induced differences between EL spectra and reflectivity spectra. All
angle-resolved spectra were corrected against the response of the detection system with
a calibrated tungsten halogen lamp. When replacing the grating with a mirror, the
k-space image (angle in x and y direction) was used for focusing.
3.4.7. Photoluminescence Quenching
For unipolar PL quenching (uPLQ, Chapter 5.6), the LEFET was operated in a capacitor-
like mode at low source-drain voltage. An expanded 785 nm laser beam excited the
semiconducting layer in the channel. The accumulated homogeneous layer of unipolar
charges did not emit EL but quenched the PL. The PL signal could either be spatially or
spectrally resolved in the Acton OMAV line camera, but was integrated and normalized
to the unquenched signal during post processing. By using neutral density filters ("OD")
and varying the laser power, the photo-excitation in the channel was varied over a large
range. Sweeping the gate voltage created the uPLQ curves as seen in Figures 5.9b and
5.9c.
For ambipolar PL quenching (aPLQ, Chapter 5.6) the LEFET was biased at high source-
drain and intermediate gate voltages, hence in the ambipolar regime. Once the voltage
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(a) (b)
Figure 3.4.: Ambipolar photoluminescence quenching and EQE. (a) PL, EL and ambipolar
quenched PL ("ELPL") signals of DPPT-TT at PL/EL=13 and Jds =250A · cm−2. (b) EQE
measurement setup.
was applied, ambipolar currents were allowed to stabilize for several minutes, recording
the EL signal ("EL" in Figure 3.4a). Subsequently the LEFET was excited with an
expanded laser beam, to fill the entire channel area. The sum of the EL and PL signal
was recorded ("ELPL"). Since a top gate LEFET was probed through the substrate glass,
the PL signal of the uncharged semiconductor layer was recorded as well and full
quenching could not occur. Then the LEFET was turned off, by low gate and source-
drain voltages, and the unquenched PL signal was recorded ("PL0"). The background
before and after the measurement were subtracted from the EL, ELPL and PL0 signals.
To keep the laser signal stable, the laser was kept at constant power and a shutter was
used. The relative ambipolar quenched PL signal was calculated according to:
aPLQ =
ELPL− EL
PL0
(3.4)
No quenching corresponds to aPLQ= 1. By tuning the voltages to different ambipolar
current densities and adjusting the laser excitation power to create a significantly
larger PL than EL signal (PL/EL = 13...15), a spatially resolved aPLQ profile as in
Figures 5.10a and 5.10b was obtained. All aPLQ images were recorded with the ×100
objective (N.A. 0.8) for maximum spatial resolution.
3.4.8. Photoluminescence Quantum Yield
Quantum yield measurements were performed according to DeMello et al.67 with a
785 nm laser beam in an integrating sphere (Spectralon coating) on polymer solutions
in quartz cuvettes or thin films on glass slides being positioned in the center of the
sphere. The scattered laser light and PL signal were fiber-coupled to the spectrometer.
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Emission spectra were compared to PL spectra measured outside the sphere to account
for reabsorption/ reemission effects in the integrating sphere.68 To verify the reliability
of our QY measurements, we also estimated the QY of a well-known near-infrared
standard IR-26 Dye (Acros Organics) in 1,2-dichloromethane. The obtained value of
0.15% was at the upper limit of reported values.189,190
3.4.9. Electroluminescence External Quantum Efficiency
The total electroluminescence light output ((II) in Figure 3.4b) in the near-infrared
was measured with a calibrated InGaAs photodiode (I) (Thorlabs FGA21-CAL, active
area 3.1mm2) positioned directly underneath the transistor to enable collection of most
of the emitted light. The silver gate electrode acted as a back mirror. The external
quantum efficiency (EQE) was calculated from the maximum photocurrent Idiode of the
photodiode (at 0V bias) during a sweep of the gate voltage at constant drain current
(Id) according to Equation 2.10.
3.5. Optical Simulation and Modelling
3.5.1. Finite Domain Time Difference Simulation
For 3D finite-difference time-domain (FDTD) simulations a commercial software (FDTD
Solution v8.16.884, Lumerical Solutions Inc., Canada) was used. All FDTD simulations
were carried out by Yuriy Zakharko (FAU Erlangen-Nuremberg/ Heidelberg Univer-
sity). The simulation region always used boundaries defined by periodic conditions
and perfectly matched layers. To reduce computational resources and computational
time, advantage was taken of the symmetric/antisymmetric boundary conditions where
possible. A uniformmesh size of 1.5-2.5 nm (X, Y and Z-directions) was used in the simu-
lation regions: 490 · 490 · 90 nm3 for AuNRs, 670 · 670 · 400 nm3 for AuNDs in DPPT-BT
and 850 · 850 · 400 nm3 for AuNDs in (6,5) SWNTs. Outside of these regions the grid
was defined by the auto non-uniform mesh technique in a 3 · 3 · 3 µm3 box, allowing
the fields to fade completely within. The optical constants of gold were obtained from
Johnson and Christy.191
3.5.2. Coupled Oscillator Model Fit
The experimentally observed polariton branches were fitted in Python with a coupled
oscillator model as in Equation 2.47. The dispersion of each polariton branch was fitted
by inserting Equations 2.44 and 2.49 into 2.48. The energy of the exciton EX, the FWHM
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of the exciton 2h¯ΓX and cavity 2h¯ΓC were obtained from reference samples without a
bottom mirror (no cavity) and without an emitter layer (replaced with an uncoupled
polymer), respectively. In case of c-LEFETs with (6,5) SWNTs the reference sample
without emitter provided the effective refractive index neff for TE and TM polarization.
Hence only the Rabi splitting h¯Ω and the minimum cavity energy EC remained as fitting
parameters, where the former depends on the latter. In case of DPPT-BT c-LEFETs
the neff was used for fitting the polariton branches besides EC due to the absence of
the upper polariton branch and an almost dispersionless LP branch for some samples.
Thus either the effective refractive index neff or coupling strength VA needed to be
kept constant, with the latter option giving more reliable results.192 Here, the Rabi
splitting was not defined due to positive detuning. After a successful fit, the cavity
mode dispersion was deduced. The coupled oscillator model fits were carried out by
Arko Graf (Heidelberg University).
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4.1. Introduction a
Organic field-effect transistors (OFETs) bear great potential for flexible electronic devices
such as flexible displays, sensors and simple circuits. Due to the light weight of their
flexible substrates these devices are ideal for battery-powered mobile applications. Since
the voltage supply of batteries is limited to the order of 10V, OFETs need to conduct mA
currents within that range. Three parameters are crucial for the low voltage operation.
A higher charge carrier mobility of the semiconductor yields higher currents at a given
operation voltage and enables a higher switching frequency. High-mobility polymers
are discussed in Chapter 5 and their mobility on the order of 1 cm2 ·V−1 · s−1 fulfills
the requirements of an active matrix in an organic light-emitting diode display.195–197
Second, maximizing the charge carrier accumulation by using high capacitance di-
electrics lowers the operation voltages.198 This has been achieved with ultra-thin organic
dielectric layers, e.g., self-assembled monolayers,75 or high permittivity materials such
as aluminum oxide or hafnium oxide.199 However, oxides possess several unfavorable
properties at dielectric-semiconductor interface, which is crucial for charge transport.
Their large dipolar disorder lowers the mobility86,200 and trap states cause current
hysteresis and threshold voltage shifts.201 Passivation with phosphonic acid199 or octa-
decyltrichlorosilane202 are not an option for top gated devices. These two problems
do not arise with low permittivity polymer dielectrics. However, due to their lower
aThe first half of this chapter revolves around the charge accumulation enhancement by a hybrid dielectric
in LEFETs. Marcel Rother and Dominik Miehler (FAU Erlangen-Nuremberg) conducted the capacitor
fabrication andmeasurements under my supervision. Charge injection enhancement by carbon nanotube
electrodes is in the focus of the second half of this chapter. I fabricated and characterized all transistors
of this chapter electrically and optically, including microscopic and AFM imaging. The results of this
chapter have been published under the creative common license (CC BY-NC-ND 4.0),193,194 and all
figures are adapted from both publications.
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breakdown strength and high chance of pinholes much thicker layers (>300 nm) are
required, making them inferior to oxide dielectrics with regard to their capacitance.
Inserting a thin polymer buffer layer between the polymer semiconductor and oxide
dielectric combines the advantages of both materials.81,87,89,203–205 Previous research
had focused on hybrid dielectrics with molecular,87,88,202,204 carbon nanotube203,205 and
n-type polymer semiconductors.81,89 I combine a polymer-oxide with an ambipolar and
high-mobility donor-acceptor polymer to expand the concept to state of the art organic
semiconductors.
The third component for low voltage operation, besides the semiconductor’s mobility
and the dielectric’s capacitance, is the electrode and its interface to the semiconductor.
In order to reduce the operation voltage, i.e., reduce onset and threshold voltage as
well as power dissipation through ohmic losses, the contact resistance must be mini-
mized to increase charge carrier injection into the semiconductor. Overcoming Schottky
barriers and ohmic contact resistance for polymer44,206 and single-walled carbon nan-
otube (SWNT)28,207 semiconductors is a major issue and addressed for several years.208
Providing equally low injection barriers for holes and electrons with the same type
of electrode material or treatment is highly relevant for lowering the driving voltage
of unipolar n- and p-type OFETs in inverters, but also for ambipolar light-emitting
field-effect transistors (LEFETs). One could solve this problem by either depositing
two metals of very different work functions,209 functionalizing the metal electrodes
with SAMs210,211 or covering the electron-injecting electrode by a polymer with amino
groups.212–214 Unfortunately, the first option leads to increased air-sensitivity of low
work function metals, while the second option is sensitive to high temperature an-
nealing. The third option will limit the solvents of the materials being applied on top.
Additionally, these options would require additional lithographic steps.
Another approach is to replace metal electrodes altogether, e.g. with carbon nanotubes
(CNTs). Compared to metal electrodes, CNTs are processed at lower temperatures
and exhibit higher optical transparency at comparable layer thickness.215 Also, CNTs
exceed conductive oxides in many regards: low temperature processing, mechanical
flexibility on bendable and stretchable substrates and manifold processing options via
printing and stamping.215 These properties qualify CNTs to be used as transparent
electrodes216 in OLEDs,140,217,218 OPV,219–221 touch sensors222,223 and OFETs with small
molecule224–226 or polymer227 semiconductors. In case of OFETs, CNTs have been
shown to improve charge injection by overcoming Schottky barriers without work
function tuning, no matter whether they are used as single CNTs,228 as a film229 or
dispersed in the semiconductor.230,231 The underlying mechanism relies on the 1D
nature of CNTs and the associated electric field enhancement. The polymer F8BT,
emitting in the visible range and suffering from contact resistance for both holes and
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electrons with Au electrodes due to its large bandgap, will be used as a model-system
to demonstrate the charge injection properties of CNT film electrodes.
The combination of CNT electrodes and SWNT semiconductorb in "all-carbon transis-
tors"232 has been particularly fruitful for producing flexible183,233–238 and stretchable
devices.232,239–241 However, contact resistance becomes even more relevant with the
increased mobility of SWNT networks because of the decreasing channel resistance.242
In addition, the resistance of interconnects and leads in circuits will dominate the device
performance, if their sheet resistance is not sufficiently low.208,243 This may limit the
critical channel length and might explain the rarity of studies that contrast CNT with
metal electrodes.238 Filling this gap by using chirality-selected (6,5) SWNTs with both
electrodes will reveal the limits of CNT film electrodes.
4.2. Hybrid Dielectric Capacitors and LEFETs
The performance of OFETs, i.e., the charge carrier accumulation in the semiconductor,
is largely determined by the dielectric material. Two oxides and an insulating polymer
were investigated as single and hybrid bilayers in regard to their dielectric properties
and ability to improve charge carrier accumulation in a high-mobility polymer semi-
conductor. For the polymer-oxide hybrid bilayer a low-temperature oxide deposition
method was necessary in order to avoid damage of the polymer layer beneath. While
some studies have favored physical vapor depositions such as sputtering,89 many oth-
ers have successfully applied atomic layer deposition,87,203–205 a type of chemical vapor
deposition. Deposition temperatures as low as 80 ◦C prevented damage of the polymer
buffer layer. The combination of the two materials balanced their disadvantages and
reduced the operating voltages in transistors significantly.
4.2.1. Device Layout
The different dielectrics were investigated in a metal-insulator-metal (MIM) capacitor
stack and in a top gate transistor stack (Figure 4.1). The MIM capacitors were fabricated
on glass substrates by photolithographic patterning a 50 µm wide bottom electrode
and electron beam evaporation of 2 nm Cr and 30 nm Au. Then either a PMMA layer
(syndiotactic or isotactic, almost equal Mn and Mw) was spincoated from butyl acetate
solution on top, varying the concentration between 6-55mg ·mL−1 and keeping the
rotation speed at 6000 rpm. Alternatively, aluminum oxide (AlOx) or hafnium oxide
(HfOx) were deposited from metal-organic precursors via atomic layer deposition
bThe carbon nanotubes in the semiconductor layer are emphasized as being single-walled (SWNT) to be
distinguished from the unsorted CNTs in the electrode material.
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(ALD), varying the thickness by the number of cycles. In case of a hybrid dielectric the
oxides were deposited via ALD on top of the spincoated PMMA. The layer thickness
was determined by profilometry. The top electrode was deposited by evaporating 2 nm
Cr and 30 nm Au either through a shadow mask (≈65 µm electrode width) or, only
when indicated, through lithographically patterned resist (50 µm electrode width). The
final capacitors had an area of 50 · 65 µm2 or 50 · 50 µm2, respectively.
(a) (b)
Figure 4.1.: Stacks of (a) MIM capacitors and (b) top gate transistors with a hybrid PMMA-
oxide dielectric.
The transitors were produced with similar steps. The source-drain electrodes were litho-
graphically patterned (channel length L 20 µm or 40 µm,W/L = 500 or 125), followed by
spincoating of the 28 nm thick DPPT-TT semiconductor layer from 1,2-dichlorobenzene.
The dielectrics were applied as described above. The stack was finished by thermal
evaporation of 30 nm Ag through a shadow mask. In Section 4.2.5 an [EMIM][FAP]
electrolyte gated device with a Cr/Au side gate pad was used. All processing steps were
carried out in dry nitrogen atmosphere. Only the transistors for optical measurements
were encapsulated with a glass cover slip and epoxy resin. All processing steps and
characterization methods are detailed in Chapter 3.
The suitability of a material as a transistor dielectric is closely related to the layer’s
roughness. A higher roughness creates an inhomogeneous gate field and increases the
chance of a breakdown by pinholes. In a top gate architecture, the dielectric’s rough-
ness is affected by the underlying semiconductor layer. The 28 nm thick layer of the
high-mobility polymer semiconductor DPPT-TT used in the transistors of Section 4.2.4
displayed a root-mean-square roughness (RMS) of 0.8 nm (Figure 4.2a). The PMMA
dielectric layer showed a lower 0.3 nm roughness for 11 nm and 470 nm thickness
(Figures 4.2b, 4.2c). Also the AlOx and HfOx dielectric layers fell below the semiconduc-
tor with 0.2 nm and 0.4 nm roughness, respectively (Figures 4.2d, 4.2e). Island growth
and amorphous crystal structure of the oxides was concluded from the AFM images
as well, in line with previous reports.84 All of the aforementioned single layers were
prepared on a silicon wafer with an RMS of 0.15 nm. The roughness of the underlying
glass substrate (0.4 nm), PMMA (0.3 nm) and HfOx (0.4 nm) layer seemed to add up to
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(a) (b) (c)
(d) (e) (f)
Figure 4.2.: AFM topography images (tapping mode) of single and hybrid layers. (a) 28 nm
DPPT-TT, (b) 11 nm PMMA, (c) 470 nm PMMA, (d) 26 nm AlOx, (e) 38 nm HfOx, (f) hybrid
layer of 6 nm PMMA and 38nm HfOx.
a roughness of 1 nm in the hybrid dielectric layer (Figure 4.2f). Still, this was relatively
small for the hybrid dielectric’s layer thickness of 44 nm and similar to the DPPT-TT
roughness. Concerning the roughness, all three dielectric materials and their deposition
methods are suitable for transistor dielectrics.
4.2.2. Breakdown Characteristics
Two properties are relevant in a capacitor: reversible storage of an electric field, as
described by the capacitance per area C in the next section, and irreversible charge
conduction, as described by the breakdown voltage V˜ and the breakdown strength F.
The breakdown voltage V˜ was determined for each sample of a series of single material
and hybrid dielectric capacitors with different thickness from current voltage curves
(Chapter 3.3.2) and converted to the breakdown strength F according to Equation 2.15.
Ideally, the breakdown strength should be independent of the layer thickness, however
the increasing relevance of pinholes and local inhomogeneities with thinner layers create
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a high number of instant failures. As samples with such instant failure were disregarded,
because they could not be separated from broken capacitors due to accidental scratching,
the breakdown strength was artificially increased for low thickness. For both oxides this
effect was observed below a thickness of 10 nm (Figures 4.3a, 4.3b). The increased error
bars indicate a relatively inhomogeneous thickness, in line with the island growth as
observed in the AFM images of Figures 4.2d and 4.2e. Thicker layers showed a constant
breakdown strength.
(a) (b) (c)
(d) (e) (f)
Figure 4.3.: Breakdown strength of single layer and hybrid MIM capacitors. (a) AlOx,
(b) HfOx, (c) PMMA, (d) PMMA-AlOx hybrid, (e) PMMA-HfOx hybrid, (f) Breakdown
strength versus oxide fraction XOxide, experimental values and serial capacitor model.
The ALD process can be executed with water or ozone as the oxidizing agent. Both
yielded very similar results, but the lower reactivity of water decreased the chance
of accidental doping or oxidation of the underlying semiconductor layer. Hence it
was preferred. Running the ALD process at higher temperatures seemed to slightly
decrease the breakdown strength. Keeping the process temperature at its minimum
(80 ◦C for AlOx, 100 ◦C for HfOx) maximized the range of applicable semiconductors.
For the final parameters (water precursor, 80 ◦C or 100 ◦C) the breakdown voltage versus
thickness was linearly fit, returning a breakdown strength F =7.3± 0.2MV · cm−1 for
AlOx. This fell below the literature values of 11.2-13.8MV · cm−1.83 For HfOx, the
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experimental breakdown strength 6.3± 0.4MV · cm−1 matched the literature values of
3.9-6.7MV · cm−1 83 very well.
In addition to the shadow-masked top electrode, a batch of capacitors was fabricated
with lithographically structured top electrodes, because these had a lower variation
in size and smoother edges. The breakdown strength of the shadow-mask samples
systematically surpassed the lithographic samples, possibly due to local etching of
the oxide by the alkaline developer as indicated by the larger deviation. An overall
decrease in oxide thickness after several minutes of immersion into the developer was
not measured, however. Hence shadow-mask evaporation of the top electrode proved
to be superior, also with regard to the single PMMA layer samples.
The single PMMA layers displayed a much lower breakdown strength than the ox-
ides due to the inclusion of pinholes and impurities during the spincoating process
(Figure 4.3c). The dominance of pinholes in layers below 50nm is corroborated by
the enormous standard deviation. A previous study suggested that isotactic PMMA
had twice the breakdown strength of syndiotactic PMMA,80 which could not be con-
firmed by my measurements despite using an almost identical material. The linear
fit of the breakdown voltage of syndiotactic PMMA (Mn =300 kg ·mol−1) resulted in
a breakdown strength F =1.6± 1.3MV · cm−1 that exceeded the literature value for
syndiotactic PMMA (Mn =133 kg ·mol−1) of 0.6MV · cm−1 80 by far, which could be
explained with the higher molar mass.
For bilayer hybrid dielectric capacitors, a thin 6 nm or thick 29 nm PMMA layer was
combined with various thicknesses of AlOx (15 nm, 26 nm) or HfOx (19 nm, 38 nm).
Combining the PMMA and oxide layers did not seem like an improvement at first sight,
as the breakdown strength fell significantly below the one of the corresponding oxide
(Figures 4.3d, 4.3e). However, values in the range of 1-3MV · cm−1 are sufficient for
low voltage operation. When plotted against the fraction of oxide XOxide (Equation A.1),
a trend of increasing breakdown strength with an increasing relative oxide thickness
became clear (Figure 4.3f). The outlyer of the 6+19 nm PMMA-HfOx layer and high
variance of the 6+15 nm PMMA-AlOx layer revealed that thick oxide layers yielded
more reliable breakdown performance. The simple serial capacitor model supported the
trend and highlighted that the oxide layer is the determining factor for the breakdown
for all samples (case II, Equation A.5). The fit showed the independent operation of the
two layers and the absence of penetration of oxide into the PMMA layer. Most likely,
the oxide filled the PMMA pinholes, however. The model also underlined that applying
thin oxide layers on a PMMA dielectric decreases the overall breakdown strength, as the
oxide increases the layer thickness but not the breakdown voltage (case I Equation A.3).
In summary, a combination of a thin PMMA and a thick oxide layer was optimal for
achieving a high breakdown strength in a hybrid dielectric.
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4.2.3. Capacitance Characteristics
The areal capacitance C of the dielectric layers was determined from the AC current
response at 5000Hz (3.3.3). According to Equation 2.14 the capacitance C is inversely
proportional to the layer thickness, which was used to derive the dielectric’s permittivity.
The capacitance of the oxides matched this trend very well (Figures 4.4a, 4.4b). As with
the breakdown voltage, higher process temperatures produced slightly lower values,
while the choice of oxidizing agent had no effect. The permittivity of 7.7± 0.3 and
14.3± 0.4 for AlOx and HfOx, as derived from fitting the data (water precursor, 80 ◦C or
100 ◦C), did not reach the literature values of 9-10.5 83,84 and 25,83,84 respectively. Still,
these were very high compared to an ε= 2.6± 0.7 of syndiotactic PMMA (Figure 4.4c),
which matched the literature value of 2.9.80 The capacitance of the isotactic PMMA was
very close to the one derived from the literature ε= 2.5.80 Figure 4.4c may suggest that
high capacitance dielectrics could be achieved with very thin PMMA layers, but their
unreliable breakdown characteristics prevent their application in transistors.
(a) (b) (c)
(d) (e) (f)
Figure 4.4.: Capacitance of single layer and hybrid MIM capacitors. (a) AlOx, (b) HfOx,
(c) PMMA, (d) PMMA-AlOx hybrid, (e) PMMA-HfOx hybrid, (f) Permittivity versus oxide
fraction XOxide, experimental values and serial capacitor model.
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The capacitances of the hybrid layers fell between the single oxide and PMMA layers,
as with the breakdown strength (Figure 4.4d, 4.4e). Thinner layers produced higher
capacitances, just as a higher content in oxide Xoxide (Figure 4.4f). The experimental
values matched the serial capacitor model (Equation A.2) very well.
For optimized charge accumulation in the semiconductor of a transistor for a given
voltage, a high permittivity ε and high breakdown strength F are required. It is clear
from the model that a hybrid layer with slightly less than 100% oxide would be best.
However, PMMA layers below 6nm became increasingly inhomogeneous and thus
represented a minimum. An infinitely thick oxide layer would maximize ε and F, but
not the capacitance C and breakdown voltage V˜. However, for device application high
C and V˜ are more relevant than high ε and F, pointing out the importance to keep
the dielectric layers as thin as possible. To find the optimum hybrid dielectric, the
maximum charge carrier density Q was calculated from C and V˜ (Equation 2.16). The
values for Q are thickness-independent (Figure 4.5). The highest Q were achieved for
HfOx and lowest for PMMA. The PMMA-AlOx hybrid layers surpassed most of the
PMMA-HfOx. Still, the best performing (Q = 1.7 · 1013 cm−2) hybrid dielectric consisted
of 6 nm PMMA and 38 nm HfOx, exceeding the charge density of a single PMMA layer
by a 10-fold. Providing the highest charge carrier density in capacitors made this the
most promising candidate for high currents in organic field-effect transistors at low
operation voltages.
Figure 4.5.: Maximum charge carrier density that could be accumulated in the electrode
before dielectric breakdown, of single layer AlOx, HfOx, PMMA, and hybrid PMMA-AlOx
and PMMA-HfOx MIM capacitors.
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4.2.4. Charge Transport Characteristics
The application of the dielectric materials in organic field-effect transistors with a DPPT-
TT polymer semiconductor extended their previous characterization in capacitors.
Compared to the capacitor experiments, a slightly thicker PMMA layer than 6 nm was
chosen for the hybrid dielectric in order to achieve higher homogeneity. A hybrid
dielectric of 11 nm PMMA and 38 nm HfOx (C = 100-150 nF · cm−2) is compared to two
single layer dielectrics of 470 nm PMMA and 38nm HfOx. In a single layer, typically
>400 nm of PMMAwere required to avoid pinholes and significant gate current leakage.
(a) (b) (c)
(d) (e) (f)
Figure 4.6.: Charge transport with single and hybrid dielectrics in DPPT-TT. (a,d) Transfer
and (b,c,e,f) output characteristics of OFETs with a (a-c) PMMA and (d-f) hybrid PMMA-
HfOx dielectric (channelW/L= 125, L= 40µm).
Applying a single HfOx layer on top of the high-mobility DPPT-TT polymer semi-
conductor resulted in negligible drain currents that were similar to the gate leakage
current. Therefore, the oxide must have caused a high density of charge traps at the
semiconductor-dielectric interface, where charge accumulation and transport occurs. A
low trap density is crucial for operation. However, in this case it could not be quantified
for lack of proper charge transport. The same effect applied to a single AlOx layer.
Luzio et al. deposited AlOx directly on two n- and p-type semiconducting polymers
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and observed a drop in mobility by orders of magnitude.89 Luzio excluded the sole
contribution of the oxide’s dipolar disorder and ascribed the drop of mobility to the
nature of the physical vapor deposition. Therefore, applying a single layer of oxide to
polymer semiconductors is not an option and a polymer buffer layer is required.
In contrast to the single oxide dielectric, the single PMMA dielectric enabled ambipolar
charge transport in the polymer semiconductor DPPT-TT with a high on/off ratio of
1 · 106 (Figure 4.6a). However, very high drain and gate voltages of around ±70V are
required to reach the current saturation regime. The output characteristics revealed non-
linear Schottky-type behavior for both hole and electron injection (Figure 4.6b, 4.6c).
Clearly, electron currents were significantly lower than hole currents, by about a factor
of 30. This is partially explained by the higher trap density for electrons (Table 4.1).
Table 4.1.: Charge transport parameters. Areal capacitance (C), saturation mobility (µsat),
threshold voltage (Vth), capacitance-corrected threshold voltage (Vth ·C) and interfacial traps
density (Ntrap) for holes (h) and electrons (e) in DPPT-TT OFETs with PMMA and hybrid
dielectric, in N2 atmosphere.
Dielectric Capa- Saturation Threshold Trap
citance Mobility Voltage Density
C µsat Vth Vth · C Ntrap
(nF · cm−2) (10−2 cm2 (V) (nC · cm−2) (1012 eV−1
·V−1 · s−1) ·cm−2)
470 nm h 6.3 43 ± 3 -27 ± 3.4 -171 ± 22 3.4 ± 0.1
PMMA e 6 ± 0.1 44 ± 0.8 278 ± 5 4.0 ± 0.2
11 nm PMMA h 221 37 ± 4 -3.5 ± 0.3 -241 ± 22 3.5 ± 0.2
+ 38 nm HfOx e 12 ± 1 3.6 ± 0.3 245 ± 20 3.8 ± 0.1
Replacing the PMMA with a hybrid PMMA-HfOx dielectric retained ambipolar trans-
port, with much more balanced currents, as the electron current is only a 4-fold below
the hole current (Figure 4.6d). Most importantly, the operating voltages were reduced
drastically to below 10V, which is sufficiently low to be applied as drive transistors in
OLED displays.195–197 Currents similar to the ones in PMMAOFETs were achieved with
8-fold lower voltages, just as the maximum charge carrier density was increased by a
factor of 10 for the 6+38 nm PMMA-HfOx capacitor compared to PMMA. In accordance,
the threshold voltages decreased by a factor of 10 as well (Table 4.1). The non-ohmic
injection remained unaffected but became more visible with the low operation voltages
(Figures 4.6e, 4.6f). As the chemical nature of the semiconductor-dielectric interface
remained the same, the hole mobility remained unaffected, too. The different capac-
itance in the transistor could be explained by the presence of the semiconductor in
the metal-insulator-semiconductor-metal stack, which added an additional capacitance
compared to the metal-insulator-metal capacitor of Sections 4.2.2 and 4.2.3.
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(a) (b)
(c) (d)
(e)
Figure 4.7.: Air stability of charge transport for single and hybrid dielectrics in DPPT-TT
OFETs. Transfer characteristics at (a,c) low and (b,d) high drain voltages with a (a,b) PMMA
and (c,d) hybrid PMMA-HfOx dielectric (channel W/L=500, L=20µm). (e) Bias stress
measurement with both dielectrics.
The 2-fold increase of the electron mobility with the hybrid dielectric, just as the in-
creased electron currents, may be attributed to the extended annealing during the ALD
process at 100 ◦C but also to an orders of magnitude lower water vapor permeability
of the oxide.88 Electron transport is particularly sensitive to water diffusion into the
semiconductor, even under inert atmosphere conditions.188 Indeed, the capacitance-
corrected threshold voltages were more unbalanced and the electron trap density was
slightly higher with the PMMA dielectric (Table 4.1). This effect became more obvious
when comparing the transfer characteristics in nitrogen atmosphere to ambient condi-
tions, without additional encapsulation. The transfer curves of the OFETs with PMMA
showed significant p-doping at ambient conditions, in accordance with a significantly
higher electron threshold voltage for electrons (+12V, Figure 4.7a). Higher drain volt-
ages revealed a decrease of the transfer curve minimum, i.e., ambipolar current, by 2-3
orders of magnitude and increased hysteresis (Figure 4.7b). Therefore devices with
PMMAdielectric would not only require high voltages but also very good encapsulation
to maintain their performance.
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In contrast, the PMMA-HfOx dielectric maintained the ambipolar current density and
kept the threshold voltage shift to below 0.6V (Figures 4.7c, 4.7d). Relative to the
capacitance, this value fell below the air-induced Vth shift of PMMA OFETs by more
than a factor of 2. The oxide layer in the hybrid acted as a very effective barrier against
water diffusion. If the hybrid dielectric was to be applied in drive-transistors in active
matrix OLED displays, they would need to maintain their positive effects of a low
operating voltage and high water barrier for long operation times.196 A 10h bias stress
test at constant drain and gate voltage was performed to evaluate the long-term stability.
It showed a decreasing on-current when using a PMMA dielectric by 16%, while the
hybrid dielectric OFET remained stable (Figure 4.7e). The hybrid dielectric OFETs could
be continuously operated in air without degradation. This underlines the additional
feature of intrinsic encapsulation when using a hybrid polymer-oxide dielectric.
4.2.5. Light Emission Interference
Light-emitting field-effect transistors (LEFETs ) with a DPPT-TT polymer generated
electroluminescence (EL) at around 950 nm (details in Chapter 5), when the transistor
was operated in the ambipolar regime. Since all of the emission was reflected at the
Ag top gate electrode, interference affected the emission spectrum. The thickness of
a PMMA dielectric layer commonly ranges within 400-1300 nm, which included the
refractive index corrected (n=1.5) emission wavelength 633 nm and its twofold. The
EL spectra from LEFETs with different PMMA thicknesses revealed spectral changes in
several cases compared to the PL spectrum of the DPPT-TT film without the transistor
stack (Figures 4.8a, 4.8b, 4.8c). The LEFETs with 424 nm and 610 nm PMMAmatched
the reference peak well, whereas the 640 nm, 1023 nm and 1309 nm layers exhibited a
significant spectral minimum close to DPPT-TT’s emission peak wavelength of 950 nm.
The same effect was observed for PL excitation and it was independent of the emitter
thickness, laser power or current density. Figure 4.8b emphasizes the sensitivity to
thickness changes as small 30 nm.
The thick PMMA layer was replaced with the thin 11+38 nm PMMA-HfOx hybrid di-
electric (Figure 4.8d). Alternatively, using an [EMIM][FAP] ion gel as the gate dielectric
completely removed the reflecting top gate electrode. Both devices produced an EL
spectrum that matched the film’s PL maximum very well. Consequently, introducing
high permittivity oxide layers into the dielectric did not only boost the electrical perfor-
mance but also prevented unintentional spectral changes of the nIR light emission due
to a drastically decreased total device thickness.
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(a) (b) (c) (d)
Figure 4.8.: Interference in EL spectra of DPPT-TT LEFETs with different dielectric thickness.
(a-c) PMMA: 424 nm, 610 nm, 640 nm, 791 nm, 1023 nm, 1309 nm. (d) PMMA-HfOx (11 nm
+ 38nm) and [EMIM][FAP]. DPPT-TT thickness ≈ 30 nm. Reference PL spectrum of a DPPT-
TT film.
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4.3. Transparent CNT Electrodes
Besides improving the charge accumulation at the interface between semiconductor
and gate dielectric, the charge injection at the electrode-semiconductor interface shall
be investigated. A focus on LEFETs requires equal injection enhancement for holes
and electrons in order to increase the maximum brightness by removing Schottky-
barriers and minimizing the ohmic contact resistance. Existing concepts for polymer
emitters include functionalizing electrodes with oxides178 or CNTs,229,230 but still rely
on nontransparent metals. For light-emitting applications, transparent electrodes add a
significant value and offer the possibility of stacking multiple layers of light-emitting
devices and circuits, e.g., in fully transparent displays. Several materials for transparent
conductive films (TCFs) have been investigated: graphene,244,245 transparent conduc-
tive oxides,246,247 metal nanowires,248 PEDOT:PSS, CNTs or hybrids thereof.249,250 Of
these metal-free choices only ITO has been applied as LEFET electrodes, leading to
bright electroluminescence across the entire channel and higher quantum efficiency in
the absence of metal quenching.251 In contrast, CNT TCFs display the same low sheet
resistance, neutral color and high transparency over a large spectral range, while being
less brittle, deposited at lower temperatures, and offering work function independent
charge injection.216,252,253
Regarding CNT TCFs, some examples employ very thick and non-transparent elec-
trodes,239,250 but thinner versions were also demonstrated.240,241 The fabrication of
CNT TCFs extends from aligned chemical vapor deposition growth,233 airbrushing/
spray-coating234 to the floating catalyst synthesis.183 The latter enables CNT growth on
catalyst particles in the gas phase. This method has proved to produce CNT films for a
many-faceted range of devices from thermoacoustic loudspeakers, gas sensors,181 solar
cells,221 touch sensors, OLEDs,140 laser absorbers and nanoparticle filters.181 Not only
their film thickness can be easily tuned, but also the CNT bundle length and diameter,
giving full control over the sheet resistance and transmittance.182 Therefore, transparent
floating catalyst synthesized CNT films are particularly suitable to be combined with
two very different classes of semiconductors for two very different purposes: injection
enhancement in the large bandgap polymer F8BT and for transparent all-carbon (6,5)
SWNT LEFETs.
4.3.1. CNT Films for Electrodes
The CNT films used here were synthesized by the floating catalyst method140 (Chap-
ter 3.1.6) and patterned by photolithography to serve as electrodes in bottom con-
tact transistors. These CNT films contained semiconducting and metallic tubes, were
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undoped and free of surfactant or defects that might inhibit charge transport. The
films were very compact and dense, composed of micrometer long intertwined CNTs
(Figure 4.9a). Two batches of 39 nm (14 h collection time) and 33 nm (4.5 h) thick CNT
films were provided. AFM measurements yielded a root mean square roughness of
RMS = 7.5 nm. The films exhibited a high transmittance of 73-83% at λ = 550 nm, which
increased with decreasing thickness (Figure 4.9b). The transmittance T is related to
the sheet resistance RS by the film’s thickness t. Combining the Lambert-Beer-law
ln(T(λ)) = −ǫ(λ) · ρ · t (extinction coefficient ǫ, film density ρ) and the definition of
the sheet resistance σdc = (RS · t)−1 (direct current electrical conductivity σdc) yields a
simple figure of merit:
σdc
ǫ(λ) · ρ =
−1
RS · ln(T) (4.1)
This equation shows that, for a given film with fixed σdc
ǫ(λ)·ρ , the transmittance correlates
with the sheet resistance. Thinner and more transmitting films tend to have a higher
sheet resistance.140,254 In case of CNTs however, variations of factors like the number of
CNT junctions, degree of bundling, CNT length and fraction of multi-walled CNTs will
affect the σdc. This explains the lower RS = 205Ω ·−1 for the thinner 33 nm film versus
241Ω ·−1 for the 39 nm film. These values did not vary locally across the centimeter
sized film (Chapter 3.3.1), accounting for the high homogeneity of the films.
(a) (b) (c)
Figure 4.9.: Transparent conductive CNT films before electrode patterning. (a) AFM topog-
raphy image of the unprocessed CNT film. (b) Transmittance of films with 39 nm and 33 nm
thickness, two samples for each thickness. (c) Ratio of the direct current conductivity to the
optical conductivity as a figure of merit.
A more sophisticated approach introduces the optical conductivity σopt, which is in-
versely proportional to the extinction coefficient ǫ and the transmittance T. It depends
only on the film thickness and network density.217 Now a unitless figure of merit can
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be defined, which is the characteristic ratio of the electrical conductivity to the optical
conductivity at λ= 550 nm.216,254
σdc
σopt(λ)
=
√
µ0
ǫ0
2 · RS · (T(λ)− 12 − 1)
(4.2)
µ0 and ǫ0 are the permeability and permittivity of the vacuum, respectively. Higher
values for σdc/σopt indicate a better performance and suitability as a transparent elec-
trode. The employed CNT films exhibited σdc/σopt ratios of 4.6 to 9.7 at λ=550 nm
(Figure 4.9c). As a result of the lower RS, the 33 nm films achieved roughly twice
the σdc/σopt ratio of the 39 nm films. A value of 9.7 is competitive for touch panel
applications and not too far from the benchmark of LCD screens (σdc/σopt =20).216 In
order to meet the requirements of driving devices with large currents, such as OLEDs,
hole-doping by HNO3 treatment could easily increase the conductivity by a factor of 3
(T = 90%, RS = 84Ω ·−1) to reach σdc/σopt = 41.181 However, this option was not used
here to avoid unintentional interactions of the HNO3 with the semiconducting polymer
or (6,5) SWNTs.
(a) (b)
(c)
(d)
Figure 4.10.: Transparent conductive CNT electrodes. (a) Bright field and dark field optical
micrograph of the patterned CNT film. (b) SEM micrograph of the electrode edge after
plasma-etch-patterning. (c) Raman map of patterned CNT electrodes using the relative G-
mode intensity at 1586 cm−1 (black to green = 0 to 1), excitation at 532 nm. (d) Corresponding
Raman spectrum.
Featureless optical absorption is the main advantage of CNT films. Once they were
patterned by photolithography and oxygen plasma etching into interdigitated electrodes,
they could hardly be distinguished from the transparent substrate in bright field optical
microscopy (Figure 4.10a). The edges were revealed in the dark field, however. They
exhibited imperfections of roughly 0.5 µm as seen in the SEM (Figure 4.10b). A high-
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resolution Raman mapping scan revealed a flawless electrode pattern that is free of
CNTs in the channel area (Figure 4.10c). The corresponding Raman spectrum confirmed
that no defects were introduced into the CNT structure during lithographic processing
by the absence of a defect-induced D-mode at 1350 cm−1 and a clear G-mode of single-
walled CNTs at 1586 cm−1 (Figure 4.10d). The only drawback of the CNT electrodes is
their sensitivity to scratching during handling, which motivated the investigation of
CNT decorated Au electrodes. This concept may combine the advantages of both types
of electrodes, whenever transparency is not necessary.
4.3.2. Device Layout
The CNT films were used as source-drain electrodes in top gate/ bottom contact OFETs
(Figure 4.11). Three different types of electrodes are compared in this chapter, the first
being floating catalyst synthesized and photolithographically patterned CNT films
as described in Section 4.3.1 (Figure 4.11a). As a reference, solvent-cleaned Au elec-
trodes with a Cr adhesion layer were used (Figure 4.1b). As a third type, Au electrodes
were decorated with large diameter (1.2-1.5 nm) semiconducting RN-CNTs (labeled
"Au+CNT", detailed in Chapter 3.1.6). The final RN-CNT dispersion contained only
untraceable amounts of metallic nanotubes or dispersing polymer, as evident in the ab-
sorption spectrum (Figure 4.12a). This dispersion was spincoated on the Au electrodes
and patterned by photolithography and oxygen plasma etching to remain solely on the
electrode. The RN-CNTs formed a network on Au that is similar to the transparent CNT
films but has a lower roughness of RMS= 3.6 nm (Figure 4.11b).
Two different semiconductors were employed: The polymer F8BT with a wide bandgap,
emission in the green and higher charge injection barrier from Au electrodes, as well as
semiconducting, nIR-emitting, monochiral (6,5) SWNTs with a much smaller bandgap,
low injection barriers with Au electrodes and high charge carrier mobility. The F8BT
polymer was deposited on the CNT, Au-CNT and Au electrodes by spincoating (46 nm
thickness). Annealing below the glass transition temperature at 115 ◦C removed ex-
cess solvent but avoided crystallization. The (6,5) SWNTsc (10-20 nm thickness), were
aerosol jet printed on top of the CNT and Au electrodes. The final dispersion contained
exclusively semiconducting (6,5) SWNTs, as seen by the characteristic transitions at
S1 =997 nm and S2 =574 nm in the absorption spectrum (Figure 4.12b). This was con-
firmed by the appearance of the S2 absorption and S1 emission at 990 nm of (6,5) SWNTs
and the absence of other peaks in the photoluminescence-photoluminescence excitation
(PL-PLE) spectrum of the spincoated film (Figure 4.12c).
cThe carbon nanotubes in the semiconductor layer are named SWNTs for easier differentiation from the
electrode CNTs.
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(a)
(b)
(c)
Figure 4.11.: (a) SEM image of the edge of the unprocessed CNT film for electrodes. (b) AFM
topography image of the RN-CNT-decorated Au electrode. (c) LEFET stack with different
electrodes (CNT film, RN-CNT-decorated Au, Au), different semiconductors (F8BT or (6,5)
SWNTs) and hybrid PMMA-HfOx dielectric.
(a) (b) (c)
Figure 4.12.: Chirality selected semiconducting single-walled CNTs. Absorption spectra
of redispersed (a) RN-CNTs and (b) (6,5) SWNTs with highlighted excitonic transitions of
semiconducting tubes (S1 and S2) and metallic tubes (M1). The absorbance was measured
for a 1:49 diluted solution and multiplied by 50. (c) PL-PLE map of a spincoated (6,5) SWNT
film.
Both semiconductors were covered with the hybrid PMMA-HfOx dielectric developed
in Section 4.2 and a Ag gate electrode (Figure 4.11c). For F8BT 11 nm PMMA and
61nm HfOx were used, for the (6,5) SWNTs 39 nm PMMA and 61 nm HfOx. The thicker
PMMA layer avoided shorting the gate electrode by (6,5) SWNTs or electrode CNTs that
may penetrate the dielectric layer. To make the transistors completely transparent, the
CNT electrodes with the (6,5) SWNT semiconductor were also gated with [EMIM][FAP]
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ion gel and a large 0.04 cm2 CNT side gate electrode next to the transistors (Figure 4.18a).
The large area of the side gate provided a sufficient number of ions for gating, preventing
a bottleneck for higher gate voltages > 1.5V. The reference sample used a Au source,
drain and side gate electrode. None of the devices was encapsulated. All processing
steps and characterization methods are detailed in Chapter 3.
4.3.3. Enhanced Injection in F8BT Transistors
At first F8BT was employed in LEFETs with CNT electrodes to serve as a typical large
bandgap semiconductor (2.6 eV).65 Despite its low mobility it is frequently used for
light-emitting devices due to its high photoluminescence quantum yield.24,121 F8BT is
well-known to exhibit large injection barriers for holes and electrons with untreated
Au electrodes, unless being annealed to high temperatures.211 Large injection barriers
were also present in the LEFETs with the Au reference electrodes here. Although the
transfer characteristics showed ambipolar charge transport (Figures 4.13a,4.13b), the
high injection barriers of the Au electrodes manifested in non-ohmic injection, high
onset voltages, extremely low currents and high hysteresis in the output characteristics
(Figures 4.13c,4.13d). In contrast, the CNT and Au+CNT electrodes caused significantly
higher ambipolar and unipolar currents with minimal hysteresis than their Au coun-
terpart, resulting in near-ideal transfer characteristics, especially at low drain voltages
(Figures 4.13a,4.13b). The differences between CNT and Au+CNT electrodes were
rather small. However, the output characteristics revealed Schottky barriers even for
these electrodes (Figures 4.13e,4.13f). Therefore, threshold voltages and mobilities were
extracted from the saturation regime.
The saturation mobilities for F8BT were roughly two to three orders of magnitude
below high-mobility donor-acceptor copolymers such as DPPT-TT, but comparable to
literature.211,230,231 The CNT and Au+CNT electrodes yielded transistors with a 2-fold
and 3-fold higher apparent mobility (not corrected for contact resistance) compared
to Au electrodes (Table 4.2). Similar increases in the mobility have been achieved by
mixing SWNTs into the polymer semiconductor.230,231 The threshold voltages (Table 4.2)
of FETs with Au electrodes were around ±11V as a result of the high energy barriers of
1.1 eV and 1.7 eV for hole and electron injection from solvent-cleaned Au, respectively
(F8BT HOMO=5.9 eV, LUMO=3.1 eV,255 solvent-cleaned Au: Wf=4.8 eV107). This
explains the low currents of the transfer characteristics at ±15V, whereas for ±5V the
transistor was turned off (Figures 4.13a,4.13b). The Vth for CNT and Au+CNT electrodes
was a factor of 2 and 1.5 lower, respectively. However, a change in the injecting energy
levels by the CNT electrode (EV≈ 5 eV, EC≈ 4 eV)256 compared to the work function of
solvent cleaned Au (4.8 eV)107 cannot explain the reduced Vth for holes. The thickness of
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(a)
(b)
(c) (d)
(e) (f)
Figure 4.13.: F8BT transistors with CNT, CNT-decorated Au+CNTs or Au electrodes and hy-
brid dielectric. (a,b) Transfer characteristics (channelW/L = 500, L = 40µm), at high (±15V)
and low (±5V) drain voltages. (c,d) Output characteristics for different gate voltages.
(e,f) The same output characteristics zoomed to a larger drain current scale.
the CNT films (33 nm versus 39 nm) and the corresponding sheet resistance (205Ω ·−1
versus 241Ω ·−1) had no effect on themobility or threshold voltage, as their differences
are rather small.
Two mechanisms are likely responsible for the enhanced injection by CNTs. First, the
vertical bulk resistance Rvert plays a major role in the contact resistance in top gate/
bottom contact FETs.257 Charges that travel from the bottom source-drain electrode
through the semiconductor towards the accumulation zone at the dielectric interface
have to overcome the Rvert, hence its impact rises with decreasing mobility of the
semiconductor.231 Therefore the Rvert is very relevant for F8BT. Slightly tilted CNTs
from the electrodes reduce the Rvert of F8BT by transporting charges with their high
intrinsic mobility from the electrode into the film near the accumulation zone.230 On
top, due to the porosity of the CNT film, the effective contact area with the F8BT is
enhanced. The effect applied equally to the CNT electrodes and to RN-CNTs from the
Au+CNT electrodes.
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Table 4.2.: Threshold voltages and saturation mobilities for F8BT LEFETs with hybrid
dielectric, extracted from transfer characteristics at Vd =±15V.
Electrode Vth(h) Vth(e) µsat(h) µsat(e)
(V) (V) (10−4 cm2 ·V−1 · s−1)
CNTs -5.8±0.5 5.0±1.0 18.1±2.8 2.2±0.9
Au + CNTs -7.3±0.8 6.8±1.1 26.2±4.8 4.7±2.4
Au -11.0±0.5 11.4±0.8 7.8±4.4 1.1±0.9
The second effect derives from the one dimensional character of the CNTs. The electric
field between the gate and the source-drain electrode is strongly enhanced by the CNTs
due to their rod-shape, especially at the CNT tip.230 The enhancement is strongest when
the CNT is in contact with the electrode. As the electric field drives the charge injection
with a super-linear dependence of the field strength, this effect will be more relevant
than the first one. Both effects lead to lower injection barriers, higher drain currents and
apply equally to holes and electrons. Even though these mechanisms were described
for CNTs being dispersed in a polymer semiconductor, they should still apply for CNT
electrodes, because the polymer infiltrates the CNT layer. Previously, a dense CNT film
on Au electrodes resulted in a lower onset voltage than dispersed CNTs.230 Here, a full
CNT electrode reduced the threshold voltage even more (Table 4.2), because of an even
stronger reduction of Rvert due to the increased porosity and the increased content of
metallic CNTs. In contrast, the higher apparent mobilities (not corrected for contact
resistance) for the Au+CNT electrodes may hint towards an upper conduction limit of
the CNT electrodes caused by the film’s interconnect resistance, lowering the effective
source-drain voltages. This effect will be discussed in the next chapter.
Figure 4.14.: Sweep of the green-yellow electroluminescent emission in an F8BT LEFET
with CNT electrodes at Vd =−17V by sweeping Vg (Id≈−0.05 µA). The back-illuminated
bright field image (left) indicates the position of the barely visible electrodes. The composite
image (right) illustrates the brightest value for each pixel of the sweep. The edges of the
electrodes are marked with red dashed lines.
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As both hole and electron injection was enhanced in F8BT by the CNT electrodes,
bright electroluminescence could be observed (Figure 4.14), which was previously only
possible with a polycrystalline F8BT microstructure121 or treating the electrodes with
self-assembled monolayers.24,211 The emission zone was swept from source to drain by
sweeping the gate voltage Vg. Keeping the microstructure of F8BT amorphous by an-
nealing the film below the glass transition temperature at T = 115 ◦C, ensured a straight,
smooth, narrow and homogeneous emission zone. Adding all frames into a composite
image (maximum intensity for each pixel) shows a homogeneously illuminated channel.
This was in contrast to the inhomogeneous, grainy emission produced by polycrys-
talline F8BT films,258 which is not desired for LEFETs. However, the homogeneous light
emission in amorphous films came at the cost of a 10-fold reduced mobility compared to
aligned F8BT.121 However, as the reduced mobility was outbalanced by the dramatically
increased charge injection, much brighter emission could be produced within the gate
voltage range provided by the dielectric. The CNT electrodes were barely visible in Fig-
ure 4.14 and made the LEFET reasonably transparent. The unambiguous enhancement
of the charge injection, decrease in threshold voltage, increase in drain currents and
emission brightness was highly beneficial for constructing light-emitting devices with a
large bandgap and low-mobility semiconductor material.
4.3.4. Transparent (6,5) SWNT Transistors
In order to transfer the advantageous properties of the CNT electrode film to the
semiconductor, especially the high conductivity and high transparency, a network of
(6,5) SWNTs was applied via printing. The AFM topography images in both samples
confirmed that the (6,5) SWNTs are homogeneously and densely distributed over
electrodes and channel (Figures 4.16a, 4.16c). Their orders of magnitude higher mobility,
compared to F8BT, would truly test the conduction limits of the CNT electrodes. The
transfer characteristics showed hysteresis-free ambipolar charge transport with high
currents and high on/off ratios at low drain voltages (Figures 4.15a, 4.15b). The Au
reference devices revealed ohmic injection due to the narrow 1.24 eV bandgap of the (6,5)
SWNTs (EV = 5.08 eV, EC≈ 4.01 eV)256 with equally low injection barriers for holes and
electrons from solvent cleaned Au (Wf = 4.8 eV)107 (Figures 4.15c, 4.15d). Consequently,
LEFETs with (6,5) SWNTs were not limited by injection. Even though LEFETs with CNT
electrodes also provided ohmic contacts, their electron and hole drain currents and
accordingly their on-conductances (Table 4.3, Equation 2.6) were roughly 15-20 times
lower than with the Au electrodes. Assuming similar intrinsic mobilities of the (6,5)
SWNTs in the channel, a 10-15 -fold increase in device resistance was estimated.
83
4. Improving the Charge Accumulation and Injection in LEFETs
(a) (b)
(c) (d)
(e)
Figure 4.15.: (6,5) SWNT transistors with CNT or Au electrodes and hybrid dielectric.
(a,b) Transfer characteristics at high (±10V) and low (±0.5V) drain voltages (channel
W/L=2000, L=10µm). (c,d) Output characteristics, for different gate voltages. Insets:
Magnification for Id = 0 to 1 · 10−5A. (e) Bright field and dark field optical micrograph of a
transparent CNT electrode covered with a dense semiconducting (6,5) SWNT network.
While ohmic contact resistance will play a role here, a major portion of this drop in
performance can be attributed to the sheet resistance of the CNT film. In the previous
section, the low mobilities of F8BT caused a relatively high channel resistance and
consequently low currents in the LEFETs (<10 µA). Having replaced F8BT with high-
mobility (6,5) SWNTs removed the dominance of the channel resistance and caused a
100-fold higher currents when normalized to the transistor geometry (>1mA), so that
the sheet resistance of the electrode material in leads and interconnects has become
relevant. Along 4mm long and 0.35mm wide interconnects between the contact pads
and the transistor channel, the higher sheet resistance of CNT film (RS =241Ω ·−1)
would cause a significant voltage drop of up to 2.7V at currents of 1mA compared
to only 8 µV with Au electrodes (RS =0.68Ω ·−1, from a resistivity 2.44 · 10−8 Ω ·m
and thickness 30 nm). When driving the LEFET at low voltages <10V, a voltage drop
in the same order of magnitude became a serious limit for device performance and
must be avoided by sufficiently short lengths and large widths of interconnects in the
circuit design. This effect may partially explain the variation of reported mobilities of
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0.2-16 cm2 ·V−1 · s−1 in stretchable all-carbon transistors, as their electrode geometries
vary substantially.207,240,241,259
Table 4.3.: Onset voltages (at Vd =±0.5V), linear mobilities (at Vd =±0.5V) and hole current
on-conductance (at Vg =Vd =−10V, normalized to channel widthW) as extracted from the
transfer characteristics of (6,5) SWNT LEFETs with hybrid dielectric.
Electrode Von(h) Von(e) µlin(h) µlin(e) Gon,h/W
(V) (V) (cm2 ·V−1 · s−1) (µS ·mm−1)
CNTs -0.6±0.4 3.3±0.5 0.06±0.04 0.04±0.03 1.8±0.1
Au -0.7±0.1 1.3±0.2 2.7±0.7 1.6±1.1 27.0±0.2
However, not just the interconnect geometry, but also the channel geometry played a role.
When using the geometric channel width (W =20 000µm, partially scratched devices
were excluded) the calculated apparent linear mobilities of Au and CNT electrode
LEFETs differed by roughly two orders of magnitude (Table 4.3). However, since the
semiconductor’s (6,5) SWNTs and electrode’s CNTs formed two overlapping networks
with some free volume, the true channel width is given by the sum of all spots where (6,5)
SWNTs are in contact with the electrode’s CNTs, i.e., much smaller than the geometric
W. This argument is supported by the fact that the roughness of the CNT electrodes
(RMS = 7.5 nm) was propagated through the (6,5) SWNT network on top (RMS = 7nm),
in contrast to the smoother (6,5) SWNT film on Au electrodes (RMS= 4.1 nm) or in the
channel area (5.5 nm) (Figures 4.16a, 4.16c).
A closer investigation of the individual contacts between semiconductor and electrode
nanotubes and a comparison of the charge carrier injection from Au and CNT electrodes
was enabled by peak force tunneling-current AFM (PF TUNA) of the (6,5) SWNT film
on top of the electrodes. Subsequent to measurement this film was completed into
an LEFET for a direct correlation of PF TUNA and charge transport measurement,
exploiting the fact that CNTs are not permanently doped by moisture and oxygen in
ambient atmosphere. During the measurement, this p-doping enabled charge carrier
injection without gating. When comparing the contact current maps to the topography
images (Figure 4.16b versus 4.16a), obviously the majority of the tunneling-current
was extracted from the (6,5) SWNTs above the CNT or Au electrode. The contact
current map of the Au electrode displayed no unusual features but a sharp current
drop (Figure 4.16d) that corresponds to the electrode edge in the topography image
(Figure 4.16c), followed by a low current attenuation.
In contrast to that, the contact current maps with CNT electrodes had a much more
gradual current attenuation into the (6,5) SWNT film (Figure 4.16b) that extends 100-
200 nm beyond the electrode edge (Figure 4.16a). On top of that the CNT electrodes
produced current spills from the electrode far (500 nm) into the channel area, which
occured quite frequently along the CNT electrode edge, as can be seen in the zoomed out
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(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
Figure 4.16.: Peak force tunneling-current AFM measurement of (6,5) SWNTs covering
(a,b,e-h) CNT or (c,d) Au electrodes and transistor channel. (a,c,e,g) Topography images.
(b,d,f,h) Contact current maps at (b,d,f) 3V or (h) 2V bias, 100 pA ·V−1 sensitivity.
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Figure 4.17.: Sweep of the nIR electroluminescence in an LEFET with (6,5) SWNTs, CNT
electrodes and hybrid dielectric at Vd =−20V by sweeping Vg (Id≈−0.3mA). The back-
illuminated bright field image (left) indicates the position of the barely visible electrodes,
which have a higher contrast in the nIR. The composite image (right) illustrates the brightest
value for each pixel of the sweep. The edges of the electrodes are marked with red dashed
lines
contact current maps (Figures 4.16f,4.16h). Concluding from this, the charge injection
from the CNT electrodes into the (6,5) SWNTs seems to be more localized than from
Au and possibly depended on bundles that extend into the channel area, although
no such features were visible in the topography images. Another factor may be the
type of CNT: Since junctions of metallic CNTs with (6,5) SWNTs have a much higher
resistance (Rm-s = 700 kΩ) than junctions of two metallic CNTs or two semiconducting
SWNTs (Rm-m,s-s = 30-70 kΩ),150,260 spots with many junctions of semiconducting CNTs
from the electrode with semiconducting SWNTs from the semiconductor would create
a higher local conductivity. On the other hand, the statistical portion of one third of
metallic CNTs in the electrode lowers the average injected current.
From the contact current maps it became also clear that the aforementioned injection
enhancement mechanisms for F8BT were not expected to occur in (6,5) SWNTs. First,
the vertical bulk resistance is not as relevant for a high-mobility semiconductor. Second,
the electric field enhancement at the CNT tip is not as relevant as the (6,5) SWNT film
has a much higher free volume than a F8BT polymer film. A junction of the tip of an
electrode CNT with a (6,5) SWNT occurs at a rather low probability. Consequently, the
onset voltages Von in LEFETs with CNT electrodes were equal for holes and higher for
electrons than in the Au reference.
So far, only two studies compared CNT electrodes to Au electrodes. Contrary to my
results, Bhatt et al. found a 4-fold lower contact resistance for CNT electrodes than Au
in electrolyte gated FETs.238 However, this study used relatively large channel lengths
L and small widthsW of several hundreds of micrometers. Hence, the resistance of the
channel likely dominated over the contact and interconnect resistance. Sangwang et al.
used smaller channels, found similar apparent mobilities and on/off ratios for CNT
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(a) (b) (c)
Figure 4.18.: Fully transparent all-carbon LEFET. (a) Electrolyte-gated LEFET stack. (b) Op-
tical micrograph of the finalized device on top of graph paper (5mm grid). (c) Transfer char-
acteristics of the electrolyte-gated (6,5) SWNT transistor (channelW/L=1000, L=20µm)
with CNT electrodes at high (Vd =−1V) and low (Vd =−0.1V) drain voltages.
and Au electrodes, but the high content of metallic CNTs in the semiconductor limited
the on/off ratio to 103 and might have erased the localized charge injection.234,261
The results presented here are based on a much smaller L=20µm and much larger
W =20mm, where channel resistance plays a less important role. Still, the reduction
of drain current and increase in electron onset voltage by the CNT electrodes was
not dramatic and overall these LEFETs displayed a very good performance with high
currents. The high on/off ratio of 105 would still be sufficient for switching.
Driving the LEFET in the ambipolar regime produced nIR light emission with a straight
emission zone and fully illuminated channel (Figure 4.17). The slightly grainy electro-
luminescence (sized ≈ 2 µm) was based on thickness variations of the semiconducting
layer and local bundling rather than the locally enhanced charge injection as found by
PF TUNA (sized ≈ 100 nm). These devices would be suitable for applications where
transparency and stretchability is more important than high current density.262
Applying (6,5) SWNTs on top of the highly transparent CNT electrodes did neither
compromise the device transparency nor color, since the layer was very thin (10-20 nm)
and had only a narrow absorption peak in the visible range (Figure 4.12b). Compar-
ing the CNT electrodes before (Figure 4.10a) and after application of the (6,5) SWNTs
(Figure 4.15e) revealed almost no difference, unlike the yellow color of F8BT (Fig-
ure 4.14). The transparency of the device architecture with CNT electrodes, (6,5) SWNT
semiconductor, hybrid dielectric and Ag gate is mainly limited by the thickness of the
latter. On top of that, the brittle HfOx dictates the potential stretchability. Both issues
were resolved by applying a colorless and elastic263 [EMIM][FAP] ion gel dielectric
with a side gate of the same material as the source-drain electrodes (Figure 4.18a). As
all electrodes were patterned from a single CNT film (or Au), this approach saves the
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fabrication steps of the second dielectric layer and the top gate.92 The final device
exhibited a high transparency (Figure 4.18b). Owing to the press-transfer process of
the CNT film, the glass substrate could be readily exchanged with any material that
matches the required transmittance and Young’s modulus.
Besides providing high mechanical strain and transmittance, the ion gel reduced the
operating voltages even further below 2V due to its high intrinsic capacitance of
3.4 µF · cm−2 264 (Figure 4.18c). As before, the Au reference showed higher currents,
while the CNT electrodes provided currents above 100 µA with an on/off ratio of 103 at
operation voltages around 1V, mainly limited by the capacitive gate current. They even
provided a smaller onset voltage for holes (Von,h =−0.08± 0.07V) than Au electrodes
(Von,h =−0.48± 0.06V), whereas electrons have the same onset (Von,e = 1.6± 0.2V). The
current hysteresis was equal for both electrodes and caused by the ion diffusion within
the electrolyte, as well as into the porous CNT side gate pad. The good electrical perfor-
mance, high transparency, possible transfer to stretchable substrates and simple device
architecture demonstrated the advantages of combining mixed and semiconducting
CNTs in metal-free all-carbon electronic devices.
4.4. Summary and Conclusion
In conclusion, the current output in polymer LEFETs was increased by improving the
charge accumulation and charge injection. The charge accumulation in OFETs could be
significantly enhanced by replacing a thick PMMA dielectric layer with a thin hybrid
PMMA-HfOx layer. The high permittivity oxide layer provided a higher capacitance and
significantly lower operational voltages than the thick PMMA, while the thin PMMA
buffer layer maintained its low trap density. The generation of high currents at low
voltages, as a result of the high dielectric capacitance and the high semiconductor mobil-
ity, may qualify DPPT-TT hybrid dielectric OFETs for the application in OLED display
backplanes. Moreover, the hybrid dielectric created more balanced charge transport
by intrinsic encapsulation. This environmental stability ensured a long operation time
without degradation. Due to the low deposition temperatures via ALD, the application
of the hybrid dielectric is not confined to a particular semiconductor or buffer layer. As
a bonus, the thin nature of the hybrid dielectric layer on the order of 50 nm eliminated
unintentional interference of the emission, resulting in reliable nIR EL spectra of the
DPPT-TT emitter. The improvements in electrical and optical performance make the hy-
brid dielectric an essential component for LEFETs with integrated plasmonic antennas
or microcavities. It is applied to the LEFETs in Chapters 6, 7 and 8.
89
4. Improving the Charge Accumulation and Injection in LEFETs
In addition, the potential and limits of charge injection enhancement by CNT electrodes
were investigated. These were patterned from dense, highly conductive and transpar-
ent CNT films that were synthesized by the floating catalyst method. In the polymer
semiconductor F8BT, the charge injection was greatly improved by the CNT electrodes,
leading to near-ideal I-V curves with low threshold voltage and high currents, as well
as electroluminescence with high intensity. Similar improvements were achieved by
decorating Au electrodes with semiconducting CNTs. In contrast, the ohmic charge
injection from Au electrodes into (6,5) SWNTs could not be further improved by the
CNT electrodes. For this high-mobility semiconductor the sheet resistance of the CNTs
limits the maximum current density, which is expected to also occur with high-mobility
polymers, such as DPPT-TT. Therefore, the dimensions of interconnects and the true
channel length in overlapping CNT electrode-semiconductor networks must be con-
sidered. Still, good performance was achieved and electrolyte gating enabled highly
transparent all-carbon LEFETs. This completely oxide- and metal-free architecture is
suitable for highly transparent and highly stretchable applications. However, as the
devices in the following chapters are fabricated on glass and employ high-mobility
semiconductors, metal electrodes were used.
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High-Mobility Polymer LEFETs
5.1. Introduction a
The emitting material plays a central role in light-emitting field-effect transistors
(LEFETs) and their prospective integration with plasmonic and optical cavities. The
light intensity in LEFETs correlates to the exciton density and thus current density,
which can be increased by employing semiconductors that possess a high mobility.
The application of donor-acceptor (D-A) copolymers has impacted the performance of
polymer transistors tremendously, as they exhibit higher and more balanced mobilities
of ≈ 0.1-1 cm2 ·V−1 · s−1 98,265 compared to earlier materials, e.g., homopolymers like
P3HT (µ≈ 0.01-0.1 cm2 ·V−1 · s−1).266,267 Lacking long-range order,107 the high electron
and hole mobilities of these amorphous polymers are attributed to the high torsion
resistance and thus low energetic disorder of the backbone.116 In addition, the energetic
overlap of the HOMOs and LUMOs of the donor and acceptor units creates a low
HOMO-LUMO gap (called bandgap here for simplicity),196 which triggered, in combi-
nation with high absorption coefficients,122 the initial application of D-A copolymers
in organic photovoltaics in order to increase the efficiency in the nIR regime.268 The
narrow bandgap and low lying LUMO enables electron injection from noble metals
with comparable mobilities to holes,106 which makes them interesting for ambipolar
transport and light-emitting devices, such as nIR OLEDs269–272 or LEFETs.104
An emitter with simultaneous high mobility and high emission efficiency is necessary
in order to achieve high brightness in LEFETs.125,273 However, despite a large range of
available nIR-emitting materials, such as single-walled carbon nanotubes ((6,5) SWNT
film: PL QY = 0.1-0.3%)56 or IV-VI quantum dots (PbS film: PL QY≈ 0.06%),274 finding
aFour different polymer emitters are investigated for their charge transport and photophysical properties
in this chapter. Yuriy Zakharko (FAU Erlangen-Nuremberg) conducted the absorption and photolumi-
nescence measurements on the films and solutions. I fabricated all of the samples and conducted the
charge transport, EQE and all further spectroscopic measurements. Ming Wang and Florian Jakubka
(FAU Erlangen) contributed to the former and latter, respectively. The results of this chapter have been
published under the creative common license (CC BY-NC-ND 4.0),134 and all figures are adapted from
this publication.
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Figure 5.1.: Molecular structures of nIR polymers DPPT-TT, DPPT-BT, BPT-T and IGT-BT
and their side chain.
efficient nIR emitters is still a challenge. It was shown for squaraine dyes, that the
quantum field (QY) decreases with the wavelength beyond 650 nm.133 Such a tendency
of decreasing emission efficiency with the bandgap is predicted by the energy gap
law127–130 and may equally apply to other nIR emitters, such as D-A polymers.
In order to explore this trend, four different nIR-emitting D-A copolymers (Figure 5.1)
with related structures are investigated in this chapter: DPPT-TT, DPPT-BT, BPT-
T and IGT-BT. All of them have a low HOMO-LUMO gap and optical bandgap,
decreasing in the given order and hence emit in the nIR beyond 850 nm. In ad-
dition, all of them exhibit ambipolar charge transport with high mobilities above
0.05 cm2 ·V−1 · s−1.107,113,135,185,186 The analysis of charge transport and emission prop-
erties of these four exemplary D-A copolymers ought to give insight on the relationship
between emission wavelength, mobility and efficiency in the nIR emitters. One of
these shall ultimately be selected to provide the emitting dipoles for voltage-controlled
coupling with plasmonic antennas and microcavities.
5.2. Polymer Design and Device Layout
Charge transport, absorption and emission properties are intrinsically linked since
they are determined by the electronic structure of the molecule, i.e. energetic and local
position of HOMO and LUMO (Figure 5.2a). In D-A copolymers the final HOMO is
mainly determined by the electron-donor unit, the LUMO by the electron-accepting
unit.102 Since good acceptor units usually have lower energy levels than donor units,275
low LUMO and high HOMO create the characteristically narrow bandgap of D-A-
copolymers. In DPPT-TT the diketopyrrolopyrrole (DPP with HOMO 5.26-5.5 eV,
LUMO 3.4-4.3 eV)275 unit acts as an acceptor, while the thiophene (T with HOMO 5.0 eV,
LUMO3.2-3.55 eV)276 and thiophene-thienothiophene (T-TTwithHOMO5.04 eV, LUMO
2.66 eV)277 moieties take the donor role. This is a direct result of the lower lying LUMO
of DPP compared to T and TT, which accepts the electrons being donated by the
higher lying HOMOs of T and TT. So the T-DPP-T-TT units resemble a D-A-D-D donor-
acceptor order.107 In contrast to thienothiophene the benzothiadiazole (BT with HOMO
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5.3-5.4 eV, LUMO 3.6 eV)275 has a lower HOMO and LUMO, hence BT acts more like
an acceptor in DPPT-BT (D-A-D-A).113,135
The BPT unit resembles the DPP unit with an additional central benzene ring that
separates the (spatial) LUMOdistribution compared to DPP but strengthens the acceptor
character (D-A-D-D).186 As all three polymers have T and TT donors, their HOMOs
are very similar, while the LUMO decreases systematically. In contrast to BPT, the
central thienoisoindigo IGT unit in IGT-BT has two separated pyrrole rings, which
separates the D-A behavior within the IGT. Most of the LUMO is contributed by the
carbonyl groups. Together with the BT moiety they have an accepting role. In DPP,
the entire bis-amide group has electron withdrawing character. However, in IGT the
nitrogen atoms contribute solely to the HOMO orbitals, thus provide electrons (donor),
along with the built-in thiophene units.185 This raises the HOMO to a similar value
of the Au work function. Despite the different HOMO and LUMO levels, electron
density calculations show that HOMO and LUMO are spatially distributed along the
entire backbone (not localized on either donor or acceptor unit) for each of these D-A
copolymers.107,113,135,185,186 In stark contrast, a low-mobility D-A copolymer like F8BT
has a well-distributed HOMO, but a LUMO that is confined to the BT units.114
(a) (b)
Figure 5.2.: (a) HOMO and LUMO levels nIR polymers DPPT-TT, DPPT-BT, BPT-T and
IGT-BT compared to the work function of Au. Values taken from literature: a by CV105,
b by PES and Eoptg 107, c by CV135, d by UPS and E
opt
g
113, e by PES and Eoptg 106, f by PES and
E
opt
g
186, g by CV185, h by PES and Eoptg 185, i 107. (b) Stack for polymer LEFETs.
The semiconducting copolymers were employed in top gate/ bottom contact LEFETs
using three types of dielectrics: a single PMMA layer with a Ag top gate (Figure 5.2b),
a PMMA-HfOx hybrid dielectric with a Ag top gate as developed in Chapter 4.2 (Fig-
ure 4.1b) and an [EMIM][FAP] ion gel dielectric with a Au side gate (similar to Fig-
ure 4.18a). As detailed in Section 4.3, the narrow bandgap of the D-A polymers lowers
the injection-barrier of Au electrodes compared to wide bandgap polymers like F8BT.
Hence the application of CNT electrodes would not be as advantageous, so 30 nm Au
electrodes with a 2 nm Cr adhesion are used exclusively.
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For absorption and photoluminescence measurements plain polymer thin films (thick-
ness DPPT-TT 60 nm, DPPT-BT 30 nm, and IGT-BT 10 nm) were spincoated on glass. For
absorption, photoluminescence and photoluminescence quantum yield measurements
in solution the stock solutions (Table 3.3) were diluted by a factor of 10 with the respec-
tive solvent. For charge transport experiments, transistors with 30 nm semiconducting
films and a single 600-800 nm atactic PMMA dielectric layer were prepared. For the
measurement of electroluminescence, photoluminescence and EL external quantum
efficiency in LEFETs 30 nm semiconducting films and a 400-800 nm thick syndiotactic
PMMA dielectric were employed. For ambipolar and unipolar PL quenching measure-
ments, thinner polymer layers (10 nm DPPT-TT, 15 nm DPPT-BT) were used to reduce
the bulk PL signal, covered with the hybrid dielectric (11 nm syndiotactic PMMA, 38 nm
HfOx). For charge absorption spectroscopy measurements, 30 nm (DPPT-TT, DPPT-BT,
IGT-BT) and 10 nm (BPT-T) layers of the semiconducting polymer were spincoated
and electrolyte-gated with the ion gel. All devices were encapsulated by epoxy or
UV-hardening resin. All processing steps and characterization methods are detailed in
Chapter 3.
5.3. Charge Transport Characteristics
The transfer characteristics demonstrated the ambipolar behavior of the four examined
polymers without current hysteresis (Figure 5.3). This was a result of the PMMA
dielectric that created an interface with a low and similar trap density for electrons
and holes for each of the used semiconducting polymers (Table 5.1). Moreover, the
ambipolar transport originated in the Au electrodes’ work functionWf being positioned
in the bandgap of each polymer and the polymers’ narrow bandgap producing small
and almost equal injection barriers for electrons and holes (Figure 5.2a).
(a) (b) (c) (d)
Figure 5.3.: Transfer characteristics of polymer LEFETs with a thick PMMA dielectric
(channelW/L= 125, L= 40µm) of (a) DPPT-TT, (b) DPPT-BT, (c) BPT-T and (d) IGT-BT.
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The onset voltages followed the trend of the energy barriers for charge injection (Ta-
ble 5.1): DPPT-TT has a much lower onset voltage for holes than electrons, as the HOMO
is closer to the AuWf than the LUMO. IGT-BT had a negative energy barrier (HOMO
above the AuWf) and positive onset for holes, i.e., displayed normally-on behavior as
confirmed by the low voltage transfer curve (Figure 5.3d). Overall, the onset voltages
were comparably high due to the thick 700 nm single PMMA dielectric layer. The encap-
sulation of the devices caused a shift of the onset and threshold voltage, hence shifting
the entire transfer curve by 10-25V towards negative gate voltages, independent of the
semiconducting material.
(a) (b)
(c) (d)
Figure 5.4.: Output characteristics for OFETs of (a) DPPT-TT, (b) DPPT-BT, (c) BPT-T and
(d) IGT-BT with thick PMMA dielectric,W/L= 125 and L= 40µm.
The output characteristics displayed non-ohmic injection at low drain voltage (Figure 5.4),
but the resulting non-linear contact resistance was not quantified in the evaluation of
the linear mobilities. As a result, the saturation mobility exceeded the linear mobility in
some cases. However, all mobilities merely rose slightly with the gate voltage but do not
peak. Therefore, the gate-voltage dependence of the contact resistance was irrelevant
for the charge transport at high voltages and the mobility was not overestimated.278,279
All four polymers showed high mobilities for holes and electrons (Table 5.1). A higher
electron mobility correlated to the higher electron saturation currents in output and
transfer characteristics, and vice versa. BPT-T and IGT-BT showed lower but more bal-
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anced mobilities. In these high-mobility polymers charge conduction occurs primarily
by thermally activated hopping transport in highly delocalized HOMOs and LUMOs
across the entire backbone, that were shown previously by DFT calculations.113,135,185,186
Table 5.1.: Charge transport parameters. Saturation (µsat) and linear (µlin) field-effect
mobilities, onset (Von) and threshold (Vth) voltages and traps densities (Ntrap) for holes (h)
and electrons (e), for LEFETs with thick PMMA dielectric.
Semi- Saturation Linear Onset Threshold Trap
conductor Mobility Voltage Density
µsat µlin Von Vth Ntrap
(10−2 cm2 ·V−1 · s−1) (V) (V) (1012 eV−1 · cm−2)
DPPT-TT h 68 ± 7 24 ± 0.5 -8.0 ± 3 -53 ± 3 2.1 ± 0.1
e 3.7 ± 0.1 3.6 ± 0.1 24.0 ± 0.5 60 ± 2 2.5 ± 0.1
DPPT-BT h 3.5 ± 1 1.5 ± 0.2 -21.0 ± 1 -51 ± 1 2.7 ± 0.2
e 34 ± 12 13 ± 4 6.2 ± 0.2 50 ± 1 1.7 ± 0.1
BPT-T h 9.2 ± 0.2 7.1 ± 0.2 -14.0 ± 0.5 -50 ± 3 2.8 ± 0.3
e 7.4 ± 0.1 7.4 ± 0.2 4.5 ± 0.5 32 ± 4 1.1 ± 0.3
IGT-BT h 1.8 ± 0.1 1.5 ± 0.2 7.1 ± 0.8 -31 ± 2 2.6 ± 0.5
e 4.3 ± 0.3 4 ± 0.4 17.0 ± 1.0 55 ± 1 3.6 ± 0.8
Compared to other polymer families, DPP-related polymers reveal high mobilities as
a result of their large persistence length and torsional stiffness.116,267 It seems to be a
coincidence that the highest mobility value decreases from DPPT-TT, DPPT-BT, BPT-T to
IGT-BT, which correlates to a decreasing optical bandgap (Eoptg ) from 1.26 eV to 0.87 eV
(Figure 5.5). Transport enhancement by long-range order cannot explain the differences
in mobility, as all four polymers showed complete microstructural disorder by AFM
(DPPT-TT in Figure 4.2a).113,135,185,186 Two similar comparative studies of copolymers
did not find a correlation between mobility and bandgap.109,280 The high and balanced
mobilities make DPPT-TT, DPPT-BT, IGT-BT and BPT-T suitable materials for electrically
stimulated nIR emission in LEFETs.
5.4. Absorption and Emission Characteristics
As a result of their narrow bandgap, all four polymers absorbed and emitted in the
nIR. The peak absorption red-shifted from DPPT-TT (annealed film: 814 nm), DPPT-
BT (945 nm), BPT-T (969 nm) to IGT-BT (1044 nm) in solution, in the as-spun and in
the annealed thin film (Figure 5.5). The absorption spectra of as-spun and annealed
films did not change noticeably. Compared to the respective solution, their absorption
onset flanks were red-shifted by 10 nm to 100 nm. IGT-BT showed the highest shift in
absorption onset, indicating increased π-π-stacking and more aggregation in the thin
film. DPPT-TT and DPPT-BT showed a vibronic shoulder in the absorption spectrum,
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(a) (b) (c) (d)
Figure 5.5.: Absorption spectra of solutions, as-spun and annealed films and the optical
bandgap Eoptg of (a) DPPT-TT,(b) DPPT-BT, (c) BPT-T and (d) IGT-BT.
which became more prominent from the solution state to the annealed thin film state.
This feature likely originated in the reorganization of the rigid polymer chains in
thin films towards higher ordering, compared to the solution. The resulting strong
interaction in the solid state might be caused by the strong polarity in the DPPT unit.
Previously, as-cast films of DPPT-TT showed mostly edge-on packing and annealing
increases their order.119 It is very likely that DPPT-BT exhibits the same packing motif,
with an even higher order in the film due to the more prominent vibronic shoulder. The
optical bandgap (Eoptg ) of each polymer was calculated from the absorption onset. As
the absorption peak, Eoptg decreased from DPPT-TT (1.26 eV), DPPT-BT (1.18 eV), BPT-T
(1.03 eV) to IGT-BT (0.87 eV) (Figure 5.5).
All four polymers showed broad photoluminescence (PL) emission spectra (FWHM
around 300 nm) compared to single-walled carbon nanotubes (FWHM around 34 nm)281
or PbS nanoparticles (FWHM around 110 nm)282 (Figure 5.6). The PL peaks were
located fully within the nIR region, with a Stokes shift of around 100 nm for each
(a) (b) (c)
Figure 5.6.: Photoluminescence spectra of solutions, as-spun and annealed films of (a) DPPT-
TT, (b) DPPT-BT and (c) BPT-T.
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(a) (b) (c)
Figure 5.7.: Electroluminescence and photoluminescence spectra in the channel region of
(a) DPPT-TT, (b) DPPT-BT and (c) BPT-T LEFETs. For BPT-T devices the PL spectra could
not be measured without significant photobleaching and degradation.
polymer. The emission red-shifted from DPPT-TT (annealed film: 948 nm), DPPT-BT
(1032 nm) to BPT-T (1090 nm). The PL spectra of BPT-T solution and IGT-BT could
not be recorded reliably due to their low emission efficiency and strong reabsorption.
IGT-BT also displayed quick degradation in air by photobleaching over time. This
was related to the high HOMO of IGT-BT and corresponding sensitivity to oxidation.
Solutions of DPPT-TT and DPPT–BT revealed a blue-shifted PL spectrum compared
to the thin films, which was another indicator for increased organization in the solid
state. The dent in the DPPT-TT solution’s PL spectrum around 800 nm resulted from
self-absorption. The stronger vibronic shoulder for annealed films indicated higher
ordering and chain planarization, in analogy to the absorption spectra.
The four polymers served as the light-emitting material in LEFETs and revealed electro-
luminescence (EL) as a result of ambipolar currents and electron-hole-recombination
in the transistor’s channel. The EL spectra matched the PL spectra, as both types of
emission originate in excitonic recombination (Figure 5.7). A slight red-shift of the
EL from the PL spectrum in DPPT-BT might indicate preferential charge transport in
the more ordered regions of the polymer film, as observed for regioregular P3HT.118
The PL spectra in the device differed slightly from the bare semiconductor film due
to the presence of the dielectric and gate electrode. The thickness of the 400-800 nm
PMMA dielectric was selected individually for each emitter to avoid any change of
the spectrum due to interference in the device stack (Chapter 4.2.5). Still, the vibronic
shoulder of DPPT-BT was not visible with the thick PMMA (Figure 5.7b) and only
revealed by the much thinner PMMA-HfOx hybrid dielectric layer (Figures 6.10a, 8.1c).
The source-drain electrodes had no effect on the emission due to the large distance
from the channel’s center. The EL spectra are independent of the position of the emis-
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sion zone in the channel, as well as the current density. For IGT-BT the EL emission
efficiencies were too low to record reliable EL spectra, even at high electrical currents.
Nevertheless, DPPT-TT, DPPT-BT and BPT-T were successfully employed in LEFETs,
yielding consistent absorption, PL and EL spectra in the nIR range.
5.5. Emission Efficiency in LEFETs
All four donor-acceptor copolymers revealed ambipolar charge transport with high
mobilities as well as PL and EL emission in the nIR range. The spectra showed no
fundamental differences between the polymers, except for slightly higher ordering of
DPPT-BT films. The narrow bandgap decreased in the order DPPT-TT, DPPT-BT, BPT-T
and IGT-T. Application of these polymers in light-emitting devices within optoelectronic
circuits requires high emission intensity. This cannot solely be achieved by high current
densities as a result of their high mobility, but also requires high emission efficiency. So
far, polymer emitters with high charge carrier mobilities generally do not also exhibit
high quantum efficiencies and vice versa, unless an efficient emitter is blended with the
polymer.126
(a) (b)
.
Figure 5.8.: Quantum yield of high-mobility donor-acceptor polymers. (a) PL QY of the
solution, as-spun and annealed film for each polymer (excitation at 785 nm). The QY of
BPT-T solution and of IGT-BT could not be measured. (b) Maximum electroluminescence
external quantum efficiencies (EQE) of several LEFETs for each polymer versus drain current
density.
The efficiency in photoluminescence of the single layer, defined here as the photolu-
minescence quantum yield (QY), describes the ratio of the emitted photons by the
material to the incident photons (Equation 2.12). The outcoupling losses of the LEFET
by waveguiding and scattering in the substrate are included in this external QY, because
the film is measured through the glass substrate just as in the LEFET. The geometry of
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the LEFET, with no additional layers below the emitter in the channel, proved to be
advantageous over the OLED when it comes to comparing PL and EL measurements.
The QY of the polymer thin films were significantly lower than in solution (Figure 5.8a)
due to the increased orientation of chains and higher π − π overlap in the solid state.
This aggregation is commonly associatedwith the formation of excimers or non-emissive
aggregate states in semiconducting polymers and indicated by a red-shift of the film’s
PL spectrum (Figure 5.6).283–285 Annealing further enhances the aggregation-induced
quenching and reduction of the QY.
The QY values were comparably low, ranging from 0.28% for the DPPT-TT solution
to 0.03% for the BPT-T film. This may be partially attributed to the presence of sulfur
atoms and the resulting spin-orbit coupling, which leads to increased formation of
non-emissive triplets.286 Also, the QY decreased steadily from DPPT-TT (annealed film
QY = 0.08%) via DPPT-BT (0.05%) to BPT-T (0.03%), no matter whether the polymer is
in solution, in the as-spun or annealed film (Figure 5.8a). As with the PL spectra, the QY
of BPT-T solutions and IGT-BT did not surpass the sensitivity of the setup. The exciton
lifetime of all of these polymers is expected to fall below 90ps, which is discussed in
Chapter 6.5.2. These short lifetimes are in agreement with the results of Cho et al., who
found 7ps for DPPT-BT.113 These low exciton lifetimes and low QY values imply that
the exciton decay in these polymers is dominated by a very fast nonradiative decay. The
energy gap law corroborates the observed trend.127–130
The EL external quantum efficiency (EQE) is defined as the peak efficiency of a gate
voltage sweep at a constant current (Equation 2.10). It describes the ratio of emitted
photons to injected charge carrier pairs. To deduce the current density from the current,
the accumulation layer thickness was estimated to be d=2nm for all polymers, as
detailed in Section 5.6.
For polymer emitters the current density dependence of the EQE often shows a maxi-
mum. The lower boundary of the EQE was set by the noise of the calibrated photodiode.
The initial rise might be explained by a trap-assisted Shockley-Read-Hall-type nonradia-
tive recombination mechanism that becomes less significant at higher currents, due to
an increasing ratio of mobile charge carriers to traps.66 Following the maximum, several
mechanisms such as singlet-singlet quenching, self-absorption and device degradation
set in at high current densities and cause a decrease in EQE ("roll-off").66 Compared
to OLEDs, the efficiency roll-off occurs at much higher current densities for LEFETs.17
DPPT-TT did not reach the roll-off regime before breakdown of the devices, while the
EQE of DPPT-BT was constant, hence seems to be at the EQE peak (Figure 5.8b). BPT-T
showed a clear roll-off. The type of dielectric (thick PMMA or PMMA-HfOx hybrid)
had no influence on the EQE for current densities of up to 3 · 102A · cm−2. A dielectric
layer with fewer pinholes and higher breakdown strength, such as the PMMA-HfOx
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hybrid dielectric, pushed the device breakdown to higher currents, but such an LEFET
with DPPT-BT in Figure 8.13a and current densities of up to 3 · 103A · cm−2 still lacked
a roll-off. Thus, DPPT-TT and DPPT-BT are promising candidates for light-emitting
devices without a decreasing efficiency at high current densities.
The EQE reproduced the trend of the QY as it decreased with the bandgap: DPPT-
TT (Eoptg =1.26 eV, EQE≈ 1 · 10−3%), DPPT-BT (1.18 eV, ≈ 1 · 10−4%), BPT-T (1.03 eV,
≈ 1 · 10−5%) to IGT-BT (0.87 eV, ≈ 1 · 10−6%). The same observation has been reported
for the QY of squaraine dyes, whose QY remained constant for molecules that emit
within 500-675 nm and then decreased for PL emitters at 675-900 nm.133 The bandgap
dependence of the emission efficiency may be motivated by a basic two-level quantum
system. The system’s emission rate and thus efficiency (Equation 2.26) is proportional
to its resonant frequency, representing its bandgap.131,132 In accordance, the energy gap
law describes an increasing nonradiative decay rate and therefore decreasing efficiency
(Equation 2.26) with decreasing bandgap.127–130 As nonradiative decay channels dis-
tribute the exciton’s energy into thermal energy (heat and vibrations), a decreasing
energy difference between excited and ground state requires fewer vibrational quanta.
The IR spectra of all four polymers show very similar vibrational modes that range
within 360-75meV (Figure 5.9a). This is about a third to half of the optical bandgap of
BPT-T and IGT-BT. Therefore, nonradiative decay via vibrational deactivation becomes
more likely with a reduced bandgap.
However, the EQE decreased almost exponentially compared to the QY, e.g., for DPPT-
BT from QY =0.05% to EQE≈ 1 · 10−4%. This is unusually low, as nIR light-emitting
diodes beyond 850 nm typically exhibit EQE values around 0.02-0.05%.271 Comparing
the EQE setup (Figure 3.4b) to the QY setup suggests that some light may be lost by
scattering, because the EQE setup does not include an objective to focus the emitted
light onto the photodiode. Also, the low EL signals impeded an EQE measurement in
an integrating sphere. Consequently, the resulting EQE values must be regarded as a
lower limit of the overall EL efficiency. Secondly, while photoexcitation creates only
singlet excitons, which may all recombine radiatively (QY = 100%), electrical excitation
creates singlet and triplet excitons in a statistical ratio (1:3). Hence, for singlet emitters
the theoretical upper limit of the EQE is QYX · ηX,S, with the excitonic singlet formation
efficiency being ηX,S = 25%. LEFETs with the low-mobility green-emitting polymer F8BT
indicated a singlet ratio <25%, so ηX,S may not necessarily be fixed to the theoretical
value.17 In the absence of similar evidence however, I assume ηX,S = 25%. An additional
fraction 1− ηX,nq of quenched excitons must be considered for electrical excitation. Of
101
5. Limits of Emission Efficiency in High-Mobility Polymer LEFETs
the remaining fraction of non-quenched excitons ηX,nq, 25% are singlets that recombine
radiatively with QYX:
EQEX = QYX · 25% · ηX,nq (5.1)
This is equivalent to Equation 2.55. The presence of additional quenching mechanisms
also explains why the EQE varies by an order of magnitude between the polymers
whereas the QY varies only by a factor of 1.6. Candidates for these mechanisms are
discussed in the next section.
5.6. Exciton Quenching Mechanisms
The dilemma of an increasing mobility and decreasing emission efficiency has already
been acknowledged for homopolymers such as P3HT. It was explained by the paradigm
of increasing the backbone order and π− π-overlap to achieve higher mobilities, simul-
taneously causing luminescence quenching.125 The change of this paradigm for donor-
acceptor polymers, in favor of a disorderedmicrostructure with ordered nanoaggregates,
explains both high mobilities118 but also the presence of nonemissive intermolecular
states in such aggregates.126,287
The nonradiative decay may be enhanced by several mechanisms, such as singlet-singlet
annihilation, singlet-triplet quenching, polaron quenching, self-absorption or polaron
absorption. The singlet exciton densities in the LEFETs are too low for singlet-singlet
annihilation, which is confirmed by a linear dependence of the PL signal on different
excitation powers well above the intensities emitted in EL experiments. Triplet excitons
may reduce singlets either by quenching or re-absorption of the emission within the
recombination zone. In a similar DPP-based polymer, surprisingly short triplet lifetimes
of 15 ns were determined.176 Despite this value being 2000 times longer than the singlet
lifetimes (DPPT-BT: 7 ps)113 and a triplet:singlet formation ratio of 3:1, none of these
polymers or their derivatives are known for efficient intersystem crossing and high
triplet densities. Therefore, it is unlikely that triplets play a significant role in the
reduction of the EQE.
The presence of polarons presents a further possible exciton quenching mechanism.
In contrast to OLEDs, the high charge carrier densities achieved in LEFETs lead to a
non-negligible density of polarons. In the ideal case of an infinitely narrow recombina-
tion zone,52 no charges are present therein. In real devices, this cannot be true due to
the finite dielectric thickness, recombination layer thickness and recombination zone
width.53 The emission zone width can be optically resolved to 1 µm by the EL setup,
which is an upper limit. The recombination profile, hence the finite emission zone width,
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is directly determined by the finite recombination rate of electrons and holes.53 Substan-
tially reducing the bimolecular recombination rates121 to obtain such a recombination
zone width yield charge carrier concentrations that are not much below the remainder
of the channel. Therefore charges/polarons must be present in the emission zone and
might quench singlet excitons or absorb their emission.
To investigate the quenching by polarons, ambipolar and unipolar PL quenching (uPLQ,
Chapter 3.4.7) experiments were conducted with LEFETs with the PMMA-HfOx hybrid
dielectric. By driving the LEFET at very low source-drain voltage (uPLQ) a homo-
geneous layer of charges that quench photo-excited singlets was accumulated. The
density of either electron- or hole-polarons depends solely on the gate voltage. As
expected, the PL signal decreased with rising gate voltage (Figures 5.9b, 5.9c), with-
out spectral changes. The percentage of quenched singlets and onset voltage of the
quenching was equal for a wide range of photo-excitation powers and independent of
the type of accumulated charge carrier. Assuming full quenching of the PL signal in
the accumulation layer at high gate voltages, its thickness was estimated to be d= 2nm
(25% of 10 nm DPPT-TT, 15% of 15 nm DPPT-BT). From this value, the dielectric’s
capacitance (181 nF · cm−2) and the PL quenching onset voltage a carrier density of
1018-1019 cm−3 was calculated, which is similar to other polymers.288 Upon exceeding
the quenching onset, excitons that encounter polarons recombine nonradiatively either
via a charge-transfer-type or Förster-resonance-energy-transfer-type mechanism.288,289
DPPT-BT showed a lower uPLQ onset voltage than DPPT-TT, explaining its lower EQE.
(a) (b) (c)
Figure 5.9.: Vibrational modes and unipolar photoluminescence quenching. (a) FTIR spectra
of DPPT-TT, DPPT-BT, BPT-T and IGT-BT. (c,d) PL signal versus gate voltage, for (b) DPPT-
TT and (c) DPPT-BT LEFETs.
To transfer these findings to the light-emitting case, the LEFET was biased with a higher
source-drain voltage and medium gate voltage in order to inject both charge carriers
into the accumulation zone and form a recombination zone. By photo-exciting the
channel, ambipolar PL quenching (aPLQ, Chapter 3.4.7) occurred. The PL signal was
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kept 15 times higher than the EL signal. The aPLQ signal was fairly constant outside
the recombination zone, where only electrons or holes reside (Figure 5.10). Higher
currents led to higher quenching. The same quenching signal was reached for high
charge carrier densities as in the uPLQ experiment (75% for DPPT-TT, 85% for DPPT-
BT). Therefore, the entire 2 nm accumulation layer was filled with polarons, while the
remaining layer below was uncharged. In the recombination zone however, the charge
carrier density and quenching was low (highest aPLQ signal), but not infinitely low
as the aPLQ signal remained significantly below 1. With increasing current density,
the charge carrier density in the recombination zone even increased (relative to the
remaining channel). Therefore, charge carriers exist in the recombination zone and
reduce the fraction of radiative singlet decay, yielding much lower EL EQE than PL
QY. The low PL signals of BPT-T and IGT-BT did not allow the conduction of unipolar
and ambipolar PL quenching spectroscopy, but similar results are expected. Previously,
the same aPLQ measurements were conducted on the low-mobility polymer F8BT, and
showed no quenching and thus a very low charge carrier density in the emission zone.17
The lower current densities that can be achieved with F8BT may have prevented an
efficiency roll-off by polaron quenching.
(a) (b)
Figure 5.10.: Ambipolar photoluminescence quenching. (a,b) Current density dependent
relative quenched PL signal at PL/EL≈ 15 for (a) DPPT-TT and (b) DPPT-BT.
Self-absorption and polaron absorption of EL are two more channels that may decrease
the efficiency in polymer LEFETs. The EL emission must pass through roughly 28 nm of
uncharged polymer and is partially attenuated by absorption before detection. BPT-T
has a much larger overlap of the absorption and emission spectrum than DPPT-TT and
DPPT-BT, an even larger overlap is expected for IGT-BT. However, due to the relatively
large Stokes shift and the fact that BPT-T’s Stokes shift is 40% above DPPT-BT’s, this
effect is expected to play a minor role.
In addition to quenching, the polarons may absorb part of the EL emission. Charge
absorption spectroscopy (CAS, Chapter 3.4.3) was conducted with electrolyte-gated
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LEFETs that charged the entire polymer film.94 The CAS spectra showed a bleaching
peak of the uncharged polymer, resembling the polymer’s absorption spectrum, and a
broad polaron absorption peak at longer wavelength (Figure 5.11). Both peaks increased
with the gate voltage, i.e., carrier density. It should be pointed out that these device were
encapsulated by a UV-hardening glue, however the UV light didn’t cause any damage,
as the PL and absorption spectra remained unchanged. Also, the CAS spectra were
independent of the ion gel used as the electrolyte gate ([EMIM][FAP], [EMIM][TFSI],
[BMMIM][FAP]). The polaron absorption peaks fully overlapped with the EL spectrum
for each polymer, thus the effect is expected to be equally relevant for each. A maximum
polaron absorbance of 0.10 equals a transmittance of 80%. Assuming charging of the
entire 30 nm polymer film and an equal polaron density in the 2 nm accumulation layer
(an overestimation) a transmittance of 98.5% is calculated, meaning that a only 1.5% of
the EL could be absorbed. Therefore, polaron absorption can be neglected.
(a) (b)
(c) (d)
Figure 5.11.: Charge accumulation spectra of electrolyte-gated (a) DPPT-TT, (b) DPPT-BT,
(c) BPT-T and (d) IGT-BT transistor channels. Absorption, PL and EL spectra (annealed film,
PMMA dielectric) are shown in grey for comparison.
Having considered all possible nonradiative decay channels it seems that quenching by
polarons in the recombination zone is mainly responsible for the low EL EQE for these
high-mobility polymers. In addition, the application of several high-mobility polymers
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in bulk heterojunction solar cells indicated a reduced bimolecular recombination rate,
however the underlying mechanism is still unclear.290–292
5.7. Summary and Conclusion
Four high-mobility donor-acceptor copolymers were compared for their optical and
electrical properties. Ambipolar charge transport with mobilities of the order 0.1-
1 cm2 ·V−1 · s−1 was achieved in LEFETs. Absorption spectroscopy showed narrow
bandgaps around 1 eV. In accordance, PL and EL spectra revealed emission in the near-
IR regime. The PL and EL emission peak wavelength, as the bandgap, decrease from
DPPT-TT, DPPT-BT, BPT-T to IGT-BT. Increased orientation in the thin film compared to
the solution leads to vibronic shoulders in the spectra of DPPT-TT and DPPT-BT.
The low PL QY and short exciton lifetime for all polymers suggest high nonradiative
decay rates. The PL QY decreased between the different polymers only within one order
of magnitude, whereas a drop in EL EQE by several orders of magnitude was observed.
While several factors play a role here, the presence of charge carriers in the emission
zone was found to be the leading cause. They cause significant polaron quenching of
the excitons in the recombination zone that scales with the current density. While this
effect seems not to be relevant in low-mobility polymers, the high mobilities in the
used D-A polymers might reduce the bimolecular recombination rates compared to
the Langevin model. These results may reveal an intrinsic dilemma for emitters with
high mobility that ultimately limits the achievable exciton density and light output
of LEFETs. A solution would be the separation of charge transport and emission in
multilayer architectures.51,71
A correlation between the decreasing bandgap of the polymer and the decreasing PL
QY was observed and may be attributed to an increasing nonradiative decay rate
according to the energy gap law. Smaller bandgaps face an increasing number of
available channels for nonradiative energy distribution into phonons. Moving the
emission further into the nIR range would challenge the goal of high brightness nIR-
emitting devices. So far, molecular design of already efficient fluorene emitters has not
enhanced the mobility beyond the values presented here for D-A copolymers.125 To
overcome this limitation the radiative decay has to be enhanced independently from the
emitting species. Recently, this strategy has been applied by resonant energy transfer
from a high-mobility D-A copolymer to an efficient red and nIR molecule emitter,
enhancing the low quantum yield by a factor of 10.126 Alternatively, light-emission
enhancement by coupling the excitonic decay to photonic and plasmonic structures, i.e.
via the Purcell effect, appears to be a promising route for enhancement. In pursuit of
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this route, DPPT-BT was chosen as the emitting polymer for the next experiments as
its EQE provides the desired trade-off between a reliable signal intensity but still high
potential for enhancement, while the spectral position is not too close to the upper limit
of InGaAs detector’s range.
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6. Voltage-controlled Coupling with
Plasmonic Nanoantennas
6.1. Introduction a
Charge density oscillations at the interface of metallic nanostructures are well known
to interact with the emitting dipoles of inorganic and organic semiconductors in the
near-field. Such surface plasmon-polaritons (SPPs) are commonly used for more effi-
cient charge separation in organic photovoltaics,294 in surface-enhanced Raman spec-
troscopy295 or photoluminescence enhancement.296
Plasmonic enhancement of the photoluminescence (PL) and electroluminescence (EL)
of high-mobility polymer semiconductors via the Purcell effect would help to overcome
the dilemma of low quantum efficiency, as described in Chapter 5. The introduc-
tion of Ag nanoparticles in polymer OLEDs increased the efficiency by a factor of
51.20 However, the disentanglement of recombination enhancement from outcoupling
enhancement297–300 and charge injection enhancement300–302 remains challenging in
OLEDs. The LEFET might be a more suitable device, as the emission occurs far from
the electrodes and dielectric waveguides in the transistor channel have already been
demonstrated.24
Beside enhancement phenomena, recent research has created a range of active and
passive plasmonic components, such as sources of plasmons, detectors, modulators,
routers and waveguides.303–312 As a means to overcome the momentum mismatch
between freely propagating far-field radiation and near-field SPPs, current technology
has already achieved electrical detection313,314 and excitation in the near-field,315–318
e.g., excitation by transistors.318
In this chapter, I introduce gold nanorods (AuNRs) as a model system to show the fea-
sibility of implementing plasmonic structures into organic LEFETs. AuNRs are chosen
aThis chapter explores the effect of Au nanorods on the photo- and electroluminescence in LEFETs.
The simulations and photoluminescence measurements were carried out by Yuriy Zakharko (FAU
Erlangen-Nuremberg). I developed the fabrication process, fabricated all LEFETs and conducted the
charge transport characterization, electroluminescence imaging and spectroscopy. The results of this
chapter have been published under the creative common license (CC BY-NC-ND 4.0),293 and all figures
are adapted from this publication.
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because of their high field concentration at the tips and simple tuning of resonance by
varying the length to match the emitter’s spectrum. Successful generation of the AuNR
SPPs by the emitter’s excitons would be visualized by emission enhancement, which
would also indicate the presence of the Purcell effect. I will address the challenges that
arise with plasmonic nanoantennas in LEFETs: First, the antennas must be positioned
in a way that does neither deteriorate charge transport nor recombination. Second, the
antenna density must be high enough to yield a volume-averaged enhancement effect.
Third, for EL enhancement, the recombination zone must be sufficiently close to the
antennas in order to enable near-field interaction.
6.2. Designing AuNR for LEFETs
The effect of AuNRs on the photo- and electroluminescence of the donor-acceptor
copolymer DPPT-BT in an LEFET was investigated. DPPT-BT was chosen as the emitter
because it provided a comparably high quantum efficiency and a high and balanced
mobility (details in Chapter 5). As a consequence, high current density and sufficient
electroluminescence intensity were achieved. DPPT-TT exhibited a higher efficiency
than DPPT-BT but its emission spectrum was too close to the detection edge of the
InGaAs spectrometer at 850 nm to safely determine spectral effects of the AuNRs.
In order to predict an optimized structure for LEFETs with AuNRs before the fabrication
of the devices, finite domain time difference simulations (FDTD, Chapter 3.5.1) were
carried out. For FDTD simulations, knowledge of the complex refractive index of the
DPPT-BT emitter is essential. By fitting ellipsometry data with a simple anisotropic
model that focuses on the in-plane dipoles and keeps the out-of-plane values con-
stant (Re(n˜)z = 1.55, Im(n˜)z = 0), the wavelength dependence of the real and imaginary
part could be extracted (Figure 6.1a). This was used for the FDTD simulations in the
Chapters 6 and 7, while the transfer matrix simulations in Chapter 8 required a more
elaborate model that distinguishes in-plane and out-of-plane (perpendicular to the sub-
strate plane) dipoles (Figure 6.1b). The almost constant perpendicular refractive index
confirmed the in-plane position of the vast majority of dipoles for DPPT-BT polymer.
A focus of the simulations was set on the effect of the nanorod size on the emission
enhancement factor. Several microscopic and spectroscopic experiments provided
the necessary parameters for the simulations: anisotropic complex refractive index,
absorption and emission wavelength of DPPT-BT, as well as absorption spectra of the
AuNR and their density on the substrate. In the simulation, all layers of the LEFET
stack were taken into account with the proper thickness: the DPPT-BT layer on top
of the AuNR, the dielectric PMMA layer and even the 1 nm AlOx around the AuNR
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(a) (b)
Figure 6.1.: Anisotropic complex refractive index of the DPPT-BT emitter regarding (a) only
in-plane or (b) in-plane and out-of-plane dipoles.
(Figure 6.2a). The cell around one AuNR for these simulations was 3 · 3 · 3 µm3 in
dimension. The simulation region was chosen to be large enough for the fields to
fade completely within, making the simulation reliable. The field intensity around the
AuNR was monitored in a 300 · 300 · 30 nm3 box (red line in Figure 6.2a, AuNR density
11.1 µm−2). This represented the typical AuNR density, took into account all possible
positions of the emitting dipole and provided volume averaging. The refractive indices
of all other layers but DPPT-BT were kept constant. The local field enhancement by the
AuNR, as predicted by the simulations, was highest (316) around the tips of the AuNR,
and faded to 1 within 50 nm (inset in Figure 6.2b). By integrating over the entire cuboid
monitor, the simulations yielded the spectrally resolved volume-averaged enhancement
factor.
(a) (b)
Figure 6.2.: Finite Domain Time Difference Simulation of AuNRs in LEFETs. (a) 9 µm3
cell used in the simulation, employing the same layers as the final LEFET. (b) Simulated
volume-averaged enhancement factor as function of wavelength and AuNR length at a
constant AuNR width of 20 nm. Inset: Simulated field enhancement around a AuNR when
excited by the dipole E0.
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In order to calculate the wavelength-dependent and AuNR length-dependent enhance-
ment factor, a plane wave polarized along the long or short axis of the AuNR (X or Y
direction) was launched to the substrate and the electromagnetic fields were recorded
within the 3D monitor. The field intensity enhancement |E/E0|2, corresponding to the
radiative decay rate enhancement,319 was calculated by averaging values from the 3D
monitor (excluding values of cells/positions not representing DPPT-BT copolymer) and
dividing by the values of the same structure without AuNRs. Increasing the AuNR
length from 40nm to 130 nm at a constant width of 20 nm shifted the enhancement factor
peak from 1000 nm to 1400 nm, while the magnitude shifted from 1 to 3.5 (Figure 6.2b).
Although longer AuNRs exhibit a longer resonance wavelength, corresponding to a
lower emission intensity of the DPPT-BT emitter with less spectral overlap, an even
higher decrease in DPPT-BT’s self-absorption enhancement caused higher overall en-
hancement. Despite the concentration of high local fields around the tips of the AuNR,
volume averaging lowers the enhancement significantly. The absence of an enhance-
ment factor < 1 in the absorption range of DPPT-BT (500-950 nm) of the simulation
excludes PL absorption enhancement. Emission enhancement will therefore originate
in increased radiative decay rates. Two AuNR sizes, 70 · 20 nm and 130 · 20 nm, were
chosen as a model system and were expected to yield maximum enhancement factors
of 1.8 at 1078 nm and 3.5 at 1425 nm, respectively.
The colloidal AuNRs were synthesized in the two sizes that were chosen from the
simulation (70 · 20 nm and 130 · 20 nm) and deposited directly onto the glass substrate
by doctor blading (Chapter 3.1.3). This deposition method created a homogeneous
density without forming AuNR agglomerates (Figures 6.3a, 6.5a). It is obvious that
high volume-averaged enhancement can only be achieved with a high density of
AuNRs, which was accomplished by multiple doctor blading steps. An increasing
number of doctor blading steps created a constant increase of hot spots (areas of high
AuNR density with some agglomerates), but a saturation set in after around 11 to 15
repetitions. However, major agglomeration of AuNRs needs to be avoided, as these
AuNRs have a red-shifted resonance, depending of the orientation and number of
rods in the agglomerate. This would decrease the peak of the spectrally resolved
enhancement factor. On top of that, percolation paths of AuNRs that short source
and drain electrode should be avoided as well. Optimizing the substrate treatment,
the doctor blading procedure and applying oxygen plasma helped to break up the
agglomerations. Figure 6.3a shows that the AuNRs used for LEFETs are homogeneously
distributed, non-agglomerated and non-percolating. The density of these AuNRs was
calculated from multiple SEM micrographs and amounted to 31.8 µm−2 for 70 · 20 nm
AuNRs and to 13.8 µm−2 for 130 · 20 nm AuNRs. SEM and AFM scans also confirmed
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the rod-shape and nominal dimensions of the AuNRs, a narrow size distribution and a
random orientation on the substrate.
As the plasmonic enhancement is based on near-field interaction, the emitter must be
placed as close to the AuNR as possible, while avoiding exciton quenching directly at
the metal surface. After doctor blading, the AuNRs were still covered by the dispersing
ligand molecules (PEG-SH). Depositing DPPT-BT on top of the PEG-SH covered AuNR
resulted in low PL enhancement factors. The removal of PEG-SH by oxygen plasma
increased the PL signal of DPPT-BT significantly. In place of the ligand, a 1 nm layer
of natively oxidized aluminum was deposited in order to avoid metal-induced exciton
quenching.320 As the enhancement was halved within a range of 25 nm according to the
simulations, the 1 nm layer of AlOx has no effect. Transistors with an AlOx layer around
the AuNRs exhibited short-circuits at higher voltages than with uncovered AuNRs, so
the AlOx layer seemed to also electrically insulate the AuNRs.
The resonance of the AuNR is highly dependent on their dielectric environment (Equa-
tion 2.23). The absorption spectra of the as-doctor bladed film revealed a long-axis reso-
nance at 670 nm and 1048 nm for 70 · 20 nm and 130 · 20 nm, respectively (Figures 6.3c,
6.3d). Oxygen plasma treatment caused no spectral shift for 70 · 20 nm AuNR and a
red-shift of 153 nm for 130 · 20 nm AuNRs. The latter indicates a significant amount of
ligand molecules being removed by the plasma. In both cases the plasma decreased
the absorbance, i.e. the AuNR density, by 16% for 70 · 20 nm and 40% for 130 · 20 nm.
However, this decrease of nanoantennas was overcompensated by the gain of PL signal
of DPPT-BT in absence of the ligand. A significant red-shift of 372 nm for 70 · 20 nm
and 122 nm for 130 · 20 nm AuNRs occurred after applying a 15 nm DPPT-BT layer on
top, because the refractive index increased from 1 (air) to around 2, as in Figure 6.1a. A
quality factor of Q = 4 and 4.1 was deduced from the peak position and FWHM of these
absorption spectra for 70 · 20 nm and 130 · 20 nm AuNRs, respectively (Equation 2.25).
Both AuNR sizes roughly kept this resonance in the finished device. The measured
extinction in the finished device was 3 to 4 times higher than in the DPPT-BT layer, due
to a different setup and major scattering at the many interfaces. Comparing the final
extinction spectra of the AuNRs in the LEFET with the DPPT-BT absorption and PL
spectrum underlines the choice of AuNR sizes: The resonance of 70 · 20 nm AuNRs is
closer to the PL peak of DPPT-BT with a large spectral overlap. The 130 · 20 nm AuNRs
are more red-shifted from the self-absorption regime around 982 nm. Due to the broad
spectrum of DPPT-BT, the AuNR length distribution is not a limiting factor.
Spincoating the emitting polymer DPPT-BT on top of the AuNRs covered them com-
pletely. The polymer showed no signs of dewetting on the AuNR. The topography of
the AuNRs however propagated through the polymer layer, as revealed by AFM images
(Figure 6.3b). For a 20 nm DPPT-BT layer the height difference of 20±6 nm between
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(a)
(b)
(c)
(d)
Figure 6.3.: Details of AuNRs in LEFETs. (a) Zoomed SEM micrograph of AuNRs.
(b) AFM topography image of AuNRs covered with DPPT-BT. (c,d) Absorption spectra of
(c) 70 · 20 nm and (d) 130 · 20 nm AuNRs being doctor bladed on glass, after oxygen plasma,
after spincoating DPPT-BT on top and in the completed LEFET stack (downscaled by 0.24
and 0.29). Short-axis resonance marked by "*". DPPT-BT absorption and PL emission spectra
in dark and light grey, respectively. 982 nm marks their largest overlap.
DPPT-BT on AuNRs and DPPT-BT in between indicated that the emitter forms a film of
constant thickness across the entire AuNR-created topography. It is assumed that the
height of DPPT-BT film between the AuNRs matches a DPPT-BT film on a plain glass
substrate. Experiments with thicker films suggested a planarizing effect for thicker
polymer films, but not in the range used here.
6.3. Device Layout
The AuNRs were integrated into the channel of LEFETs in order to manipulate the
light that is emitted in the recombination zone. The device fabrication of the top gate/
bottom contact AuNR-LEFETs included multiple lithography steps (Figure 6.4). The
first step (a) requires lithographic patterning of alignment marker structures on the
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Figure 6.4.: Device fabrication of AuNR-LEFETs.
glass substrate. The alignment markers are finished (b) by e-beam evaporation of 20 nm
Ti and lift-off.
Several methods of depositing the colloidal AuNR in the vicinity of the emitter layer
were tried: Dispersing the AuNR in the semiconductor or placing them on top inhibited
the removal of the ligand. Doctor blading the AuNR nanonantennas onto the glass
substratemultiple times (c) andmaking the emitter sufficiently thin to bring the emission
zone close to the AuNRs turned out to be the only successful approach. Table 6.1 gives
an overview of the different AuNR-LEFET samples and their maximum absorbance as a
figure for the AuNR density. The PEG-SH ligand was then removed by a 10min oxygen
plasma treatment (d). This created a homogeneous distribution of AuNRs (Figure 6.5a).
The AuNR layer was patterned (Figure 6.4 (d)) by a second photolithography step and
etched with KI/I2 solution, creating a 160 · 600 µm2 field (e). The density of the AuNR
was neither affected by the lift off process of the protective photoresist nor by other
lithography steps, most likely for lack of a dispersing ligand. A 1nm layer of aluminum
(f) was e-beam evaporated on top of the AuNR and oxidized in air to AlOx.
To complete the transistor stack, a third lithographic patterning step (g) and e-beam
evaporation of 2 nm Cr and 30 nm Au created four source-drain electrodes. The three
20 µm long channels were aligned to the AuNR field (h). The AuNR covered one LEFET
channel fully and one channel by half, including the two corresponding electrodes.
This left an empty reference channel adjacently (Figure 6.5b). The 15 nm DPPT-BT
semiconductor layer (Figure 6.4 (i)) was deposited by spincoating. The thin hybrid
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Table 6.1.: AuNR-LEFETs with the DPPT-BT film thickness, AuNR size and longitudinal
peak absorbance Amax (after oxygen-plasma treatment).
AuNR size DPPT-BT thickness AuNR absorbance Amax
nm nm
70 · 20 15 0.120, 0.048, 0.051, 0.061, 0.060, 0.08627 0.039
130 · 20 15 0.127
dielectric developed in Chapter 4 was essential for recording PL/ EL spectral features
without interference of a thick dielectric layer. The 11 nm PMMA dielectric layer (j) was
spincoated and the 39 nm HfOx layer (k) was applied by ALD. The top gate electrode
(l) was placed on top by thermal evaporation of 30 nm Ag through a shadow mask.
Finally, the AuNR-LEFET was encapsulated with a two-component epoxy glue and a
cover glass slide, unless the encapsulation hindered the spectroscopic investigation. All
processing steps and characterization methods are detailed in Chapter 3.
(a) (b)
Figure 6.5.: AuNRs in a light-emitting field-effect transistor. (a) SEM micrograph of the
distribution of AuNR in the LEFET channel. (b) Dark field optical micrograph of three
LEFET channels: one fully covered with AuNRs, one half covered with AuNRs and an
empty reference channel.
6.4. Charge Transport Characteristics
The presence of AuNRs in a transistor channel may have multiple effects. Percolation of
AuNRs may create source-drain shorts, the increased roughness by AuNRs below the
electrodes may cause source- or drain-gate shorts and charge trapping by the 1 nm AlOx
layer or the surface of the AuNRs321,322 might induce hysteresis. The AuNRs may even
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 6.6.: Charge transport characteristics of AuNR-LEFETs. (a,d) Transfer, (e) constant
current and (b,c) output characteristics of 70 · 20 nm AuNRs (Amax =0.086). (f,g) Transfer
and (h,i) output characteristics of 130 · 20 nm AuNRs (Amax =0.127). Each curve compare
a full AuNR channel with an empty reference channel (W/L=25, L=20µm). In addition
(e) includes the half-covered channel.
behave as a floating gate that alters the gate field distribution and modifies the channel’s
charge carrier density.323 Fortunately, none of these effects was observed in the final
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device stack. The transfer curves of the AuNR-LEFETs resembled those of the reference
devices (Figures 6.6a, 6.6d, 6.6f, 6.6g). The output curves also showed a similar course
with and without AuNRs, as well as a Schottky-barrier in both cases (Figures 6.6b, 6.6c,
6.6h, 6.6i). Yet, for 70 · 20 nm AuNRs all devices with a full AuNR channel displayed
lower drain currents than the reference, by a factor of 1.5 to 3.5, depending on the
AuNR density. This was attributed to the increased roughness of both electrodes by
the underlying AuNRs, as seen in Figure 6.5b. The saturation mobilities did not reflect
this effect as strongly, but showed a decreasing trend from reference to half-covered
to fully covered 70 · 20 nm AuNR channel (Figures 6.7a, 6.7b). The 70 · 20 nm AuNRs
seemed to cause a slightly better charge injection, because the output curves were closer
to linear at low drain voltages. Nevertheless, the threshold voltages were the same with
or without 70 · 20 nm AuNRs (Figures 6.7c, 6.7d).
(a) (b) (c) (d)
Figure 6.7.: Mobility and threshold voltage of DPPT-BT AuNR-LEFETs. (a,b) Saturation mo-
bility of holes (a) and electrons (b) of AuNR-LEFETs sized 70 · 20 nmwith an absorbancemax-
imum of 0.06, 0.086, sized 130 · 20 nmwith 0.127 and their reference LEFETs. (c,d) Threshold
voltage of holes (c) and electrons (d) for the same samples.
In contrast to that, 130 · 20 nm AuNRs led to higher drain currents in all devices by a
factor of 1.5 to 2.5, even though the same roughness effect should be present. Since the
AuNRs are longer, it is more likely that more AuNRs protruded from the edge of the
electrode into the channel and boosted charge injection by tip enhancement of the local
field. This effect seems to take place only at higher fields, because the threshold voltage,
hence charge injection at low fields, showed a slightly increasing trend with increasing
coverage of 130 · 20 nm AuNRs (Figures 6.7c, 6.7d). Still, as with the 70 · 20 nm AuNRs,
the injection barrier were slightly more Ohmic with 130 · 20 nm AuNRs compared to the
empty channel. Also, despite displaying higher currents, the saturation mobilities were
lower for fully covered channels (Figures 6.7a, 6.7b). So, once the carriers were injected
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in the channel, the presence of the AuNRs appears to have hindered their transport,
most likely because of the rougher semiconductor-dielectric interface.
EL measurements at constant emission intensity required the use of the constant cur-
rent mode. When sweeping the gate voltage, almost the same drain voltage was
applied to sustain the constant current in the channels with AuNRs and without AuNRs
(Figure 6.6e). In conclusion, the AuNRs introduce only minor effects to the electrical
parameters of LEFETs.
6.5. Photo- and Electroluminescence Coupling
After clarifying the effect of the AuNRs on the charge transport in an LEFET, the effect
on the light emission will be investigated. By selecting the gate and drain voltages,
the emission zone can be placed in an arbitrary position in the LEFET channel. In
case of resonance the excitons of the emission zone should interact with the AuNR
plasmons in the near-field. Successful plasmonic resonance and the presence of the
Purcell effect would be indicated by an increase in intensity. This is analyzed by spatially,
spectrally and angle-resolved photoluminescence (PL) and electroluminescence (EL)
measurements.
6.5.1. Emission Intensity Enhancement
Optical excitation of the AuNR-LEFETs will provide a first insight about the near-
field interaction of AuNRs and DPPT-BT. In a single PL image, all three neighboring
channels were covered: one completely covered with AuNRs, one half-covered and
one empty reference channel. Figures 6.8a, 6.8b shows clear enhancement of the PL in
the region where the AuNR are placed, for both 70 · 20 nm and 130 · 20 nm AuNRs. The
enhancement was homogeneous over the entire field of view. The sharp edge of the
AuNR region in the half-covered channel, as created by lithographic patterning and
chemical etching, is clearly visible. Enhancement by increased absorption is unlikely as
shown in the simulations. More detailed simulations also excluded enhancement by
outcoupling (far-field scattering) or improved collection efficiency of the objective,293
leaving the Purcell effect as the only source of enhancement.
The cross sections of the PL images visualized the enhancement factor: A 2.5-fold PL en-
hancement was achieved by 70 · 20 nm AuNRs and a 2-fold enhancement by 130 · 20 nm
AuNRs (Figures 6.8c, 6.8d). These represent volume-averaged and spectrally averaged
enhancement factors, as the signal was recorded over a large area and not spectrally
resolved, i.e., integrating the signal over a wavelength range of 900-1600 nm. The ap-
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(a) (b)
(c) (d)
Figure 6.8.: PL enhancement in AuNR-LEFETs. (a,b) PL maps of the three LEFET channels:
the empty reference channel, half-covered with AuNRs and fully covered with (a) 70 · 20 nm
(Amax = 0.086) and (b) 130 · 20 nm AuNR (Amax = 0.127). (c,d) Cross sections of (a,b). The PL
intensity signal is integrated over 900-1600 nm and excited by a 785 nm laser.
parent contradiction to the simulations will be explained by the spectrally resolved
enhancement factors.
In a PL measurement excitons are created over the entire 15 nm thickness of the polymer
emitter layer by optical excitation. In an EL experiment holes and electrons are only
accumulated and transported in the top 2 nm of the DPPT-BT layer at the gate dielectric
interface. Hence, excitons were formed only in this layer, in a narrow recombination
zone parallel to the electrodes.
The half-covered channel offered the possibility to visualize the coupled and uncoupled
emission in one measurement by selecting the position of the emission zone, i.e. the
excitons, on-demand by the gate voltage. The recombination zone is swept across
the entire channel from source to drain electrode, passing through the AuNR-covered
region and the empty part of the half-covered channel. In an LEFET the number of
recombining excitons is directly proportional to the injected current, as gate leakage
currents are more than four orders of magnitudes lower and electron and holes must
recombine in the channel. The number of recombination events directly determines the
emission intensity. So, in order to reveal intensity changes that are produced exclusively
by the plasmonic antennas, the emission zone was swept at a constant drain current
(Figures 6.9a, 6.9b). In such a constant current sweep, the emission intensity is constant
over the entire reference channel without AuNRs. In contrast to that, in the half-covered
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(a)
(b)
(c)
(d)
(e)
(f)
Figure 6.9.: EL enhancement in AuNR-LEFETs. (a,b) Constant current curves at Id =−0.5 µA,
corresponding to a drain current density of 50A · cm−2. (c,d) Moving emission zone in
the half-covered channel for the gate voltages as marked by circled numbers in (a) within
Vg =−4.3-−2.6V and (b) within Vg =−4.5-−3.9V. (e,f) Composite image of the emission
zonemovie in the half-covered channel between source and drain electrode. (a,c,e) 70 · 20 nm
(Amax = 0.086) and (b,d,f) 130 · 20 nm (Amax = 0.127) AuNR-LEFETs.
channel the EL emission in AuNR region was clearly higher in intensity. The signal
dropped when the emission zone moves into the empty half of the channel (Figures 6.9c,
6.9d).
The EL enhancement effect becomes obvious when summing all frames of a constant
current sweep into a composite image (Figures 6.9e, 6.9f). Here, every pixel is assigned
its maximum intensity during the voltage sweep. The AuNR-covered region of the
channel displayed an EL enhancement factor of ≈2.5 for 70 · 20 nm AuNRs and ≈2
121
6. Voltage-controlled Coupling with Plasmonic Nanoantennas
for 130 · 20 nm AuNRs. As with the PL scan, these enhancement factors are volume-
averaged and spectrally-integrated. In essence, the EL enhancement resembled the
PL enhancement completely, supporting the claim that absorption enhancement is
not relevant in this system, but only the Purcell effect. It also corroborates that the
emission zone is sufficiently close to the AuNRs with a 15 nm emitter thickness. The
local enhancement in the proximity of the AuNR is significantly higher, as discussed in
the next section.
The lateral inhomogeneity of the enhanced EL signal, compared to the PL scan, was not
a result of an inhomogeneous distribution of enhancing AuNRs but of a not perfectly
straight shape and not perfectly constant motion of the emission zone. This effect
resulted from the thickness variations of the emitter and dielectric layer caused by the
AuNRs. Variations are also visible in the channel region without any AuNR. Because
the two regions were right next to one another in the same channel, device-to-device
variations can be excluded. The EL enhancement was not affected by the polarity of
the drain and gate electrodes, irrespective of starting the sweep at the hole- or electron-
injecting electrode or starting the sweep at the AuNR-covered or empty part of the
channel. An oversampled movie with three frames per gate voltage step was recorded
to exclude a lower intensity in the empty channel region being a result of a faster moving
emission zone.
The width of the emission zone was unaffected by the AuNRs, remaining at a constant
1.5 µm, as limited by the emission wavelength, the numerical aperture of the objective
(0.65) and the thickness of the glass substrate. The real emission zone width should be
much narrower. Assuming Langevin-type recombination, it should even depend on the
dielectric thickness,53 making it suitable for coupling into subwavelength-sized wave-
guides. Both PL and EL images visualize the successful application of the Purcell effect
for emission enhancement by incorporating plasmonic nanoantennas in the channel of
an LEFET.
6.5.2. Spectral Enhancement
The EL enhancement was not just obvious in EL images, but could also be spectrally
resolved. The EL spectrum of the completely covered 70 · 20 nm and 130 · 20 nm AuNR
channels exhibited a clearly higher intensity than the empty reference channel (at the
same current density), as well as new spectral features (Figures 6.10a, 6.10b). These
become obvious by dividing both spectra and obtaining the spectrally resolved EL
enhancement factor. For comparison the spectrally-resolved PL enhancement factor
was obtained in the same way (Figures 6.10c, 6.10d). In both cases, the enhancement
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factor was not highest at the DPPT-BT emission maximum at 1032 nm, but peaked at a
longer wavelength.
For 70 · 20 nmAuNRs, the EL enhancement factor increased very little in the wavelength
range of 1100-1300 nm from 2 to 2.5 (Figure 6.10a). The saturated enhancement factor
originated in the match of the AuNR resonance (absorption spectra in the DPPT-BT film
and in the device, Figures 6.3c, 6.10c) and the emission spectrum of DPPT-BT. The PL
enhancement factor displayed an even more prominent plateau at 2.75 (Figure 6.10c).
It exceeded the EL enhancement due to the excitation of the entire emitter layer as
opposed to a thin accumulation layer at the dielectric interface.
The spectral position and magnitude of the experimental enhancement factor matched
the simulated averaged enhancement factor of ≈2 at 1000-1200 nm very well (Fig-
ure 6.2b), considering that the experimental AuNR density is tripled compared to the
simulation (31.8 µm−2 versus 11.1 µm−2). Since the enhancement factor was fairly con-
stant over a large wavelength range, it remains at 2.5 when spectrally averaged in PL
and EL imaging (Figures 6.8a, 6.9e). The experimental PL and EL enhancement factors
exhibited a dip at 970 nm, which was also present in the simulated enhancement (Fig-
ure 6.2b). This dip coincidedwith themaximum of the 70 · 20 nmAuNR extinction in the
device (Figure 6.10c) and furthermore fell into the range of large emission-absorption-
overlap of DPPT-BT, which was maximized at 982 nm (Figure 6.3c). Most likely, the
AuNRs increased the self-absorption significantly in this wavelength range, leading to
a reduced EL enhancement.
By red-shifting the AuNR resonance, as with 130 · 20 nm AuNRs, the self-absorption
effect became negligible, because the enhancement was only 1.5 at 982 nm. The EL en-
hancement factor increased steadily to peak around 1350-1400 nm at 2.75 (Figure 6.10b).
In a similar curve progression, the PL enhancement factor reached 3.8 (Figure 6.10d).
Both enhancement spectra matched the AuNR resonance (extinction) spectrum in the
LEFET. As with the shorter AuNRs, the spectrally resolved enhancement factor matched
the AuNR resonance (Figure 6.3d) and the simulated averaged enhancement factor of
≈3.5 at 1350-1450 nm (Figure 6.2b). Despite a higher peak enhancement factor com-
pared to the 70 · 20 nm AuNR sample, the spectral averaging reduced the enhancement
to approx. 2 because it dropped steeply below 1300 nm. Since emission is low above
1300 nm, the 130 · 20 nm AuNRs’ contribution to the PL intensity was also lower. This
is in agreement with the EL and PL maps (Figures 6.8b, 6.9f). The spectrally resolved
enhancement factors support the findings from the simulations and emission images,
corroborating optically and electrically pumped coupling of excitons to the localized
plasmon resonance of surface plasmon-polaritons in plasmonic nanoantennas within
LEFETs.
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(a) (b)
(c) (d)
Figure 6.10.: Spectral EL and PL enhancement in AuNR-LEFETs. (a,b) EL spectra of the
LEFET with AuNRs and the empty reference channel and the spectrally-resolved EL en-
hancement factor, recorded at 300A · cm−2. (c,d) PL enhancement spectra and extinc-
tion spectra (averaged over 11 points) of the AuNRs in the LEFET stack. (a,c) 70 · 20 nm
(Amax = 0.086) and (b,d) 130 · 20 nm (Amax = 0.127) AuNR-LEFETs.
AuNRs may accelerate the radiative and nonradiative decay simultaneously via the
Purcell effect.319 For example, the metal surface of the AuNRs may provide additional
nonradiative decay channels,161 despite the AlOx layer. However, as detailed around
Equation 2.28 the increase of nonradiative channels become negligible for inefficient
emitters due to a low QY and a high nonradiative decay rate. This is the case for
DPPT-BT with a QYX =0.05% (Figure 5.8a) and a nonradiative excitonic decay time
τX,nr =0.03 ps that falls two orders of magnitude below the excitonic decay time τX,r
(7 ps).113 The value of τX,nr was calculated according to Equation 2.51 from τX,r, QY
and the outcoupling efficiency ηout (11% from Equation 2.53). Therefore, DPPT-BT
represents a suitable emitter for the emission enhancement by AuNR via the Purcell
effect. This would probably not have been the case for light-emitting polymers with a
higher efficiency, e.g., F8BT (QY≈ 50%).324
Unfortunately, time-resolved PL experiments did not provide further details on the ra-
diative and nonradiative decay times of DPPT-BT in AuNR-LEFETs. The time-resolved
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PL signal of a DPPT-BT layer at 786 nm excitation and 1000 nm detection matched the in-
strument’s response function with a FWHM of 90 ps at 786 nm excitation and detection
(Figure 6.11a). Hence, the radiative PL decay time of DPPT-BT fell below the sensitivity
of our system.
The orientation of the emitting dipole and the plasmonic antenna determined the
3-dimensional emission profile. If a dipole is oriented parallel to the antenna, the
enhancement is highest in the substrate plane in direction of the AuNR long axis. In
the perpendicular case, no enhancement is present. If the antennas (and the emitting
dipoles) were oriented in a regular parallel pattern, this enhancement anisotropy would
be translated to the far-field. However, since the AuNRs were randomly distributed
and oriented (in plane) this effect should be negligible. Angle-resolved PL and PL
enhancement spectra did not show any dependence of the intensity on the emission
direction for both 70 · 20 nm and 130 · 20 nmAuNR-LEFETs (Figures 6.11b, 6.11c). Thor-
ough FDTD simulations came to the same conclusion.293 The shape and maxima of the
angle-resolved PL enhancement spectra in Figures 6.11b and 6.11c match Figures 6.10c
and 6.10d.
(a) (b) (c)
Figure 6.11.: PL lifetime and angle dependence of the PL enhancement. (a) Time-resolved
PL signal of DPPT-BT at 786 nm excitation and 1000 nm detection. Detection at 786 nm
corresponds to the instrument’s response function (IRF). (b,c) Angle resolved PL and PL
enhancement spectra of (b) 70 · 20 nm (Amax =0.086) and (c) 130 · 20 nm AuNR-LEFETs
(Amax = 0.127).
So far, I reported volume-averaged enhancement factors, because they are more relevant
for device application than local enhancement factors, which may serve as a figure
of merit for the plasmonic antenna. Using the AuNR’s field confinement area Sconf,
the AuNR density S−10 (31.8 µm
−2 for 70 · 20 nm AuNRs, 13.8 µm−2 for 130 · 20 nm),
of which only half are aligned parallel to the emitting dipoles (factor of 0.5) and the
volume-averaged enhancement factor maxima EFave (2.5 for 70 · 20 nm AuNRs, 2.75
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for 130 · 20 nm) allowed me to deduce the local enhancement factor EFlocal according to
Equation 2.32:
EFlocal = 2 · (EFave − 1) · S0Sconf + 1
EFlocal,70 · 20 = 2 · (2.5− 1) · 10.5 · 31.8 · 0.011 + 1 = 18
EFlocal,130 · 20 = 2 · (2.75− 1) · 10.5 · 13.8 · 0.011 + 1 = 47
(6.1)
The in-plane confinement area Sconf = 0.011 µm2 was extracted from FDTD simulations
by integrating the electromagnetic field over the 300 · 300 · 30 nm3 monitor volume (red
line in Figure 6.2a, AuNR density 11.1 µm−2) and dividing by its height.325 Integration
should be performed over a volume large enough to let the fields decay. The in-plane
confinement area was the 8-fold (4-fold) of the area occupied by the 70 · 20 nm AuNR
(130 · 20 nm AuNRs). Hence, the enhancement is mostly caused by fields outside the
AuNR. The narrow zone of metal-induced quenching is disregarded in this estimation.
The local enhancement factors of 18 and 47 here are relatively low due to the low quality
factor Q ≈ 4 of the AuNRs. A system with PMMA-dispersed molecules coupled to
electron-beam patterned bowtie antennas generated a much higher EFlocal =1340.296
However, this high EFlocal is reduced to EFave =1.27 after volume averaging (Equa-
tion 2.31, confinement area Sconf =400 nm2, maximum antenna density S−10 =1µm
−2).
So, despite exhibiting a significantly lower EFlocal, the much higher surface density of
the AuNRs yields much higher averaged enhancement factors (2.5 and 2) compared to
the bowtie antennas.
6.5.3. Optimized Enhancement
The PL and EL enhancement factors were affected by the AuNR density, emitter thick-
ness and current density. A comparison of the EL enhancement spectra of two AuNR-
LEFETs with the respective absorption spectra demonstrated the correlation between
the emission enhancement factor and the AuNR density (Figures 6.12a, 6.12b). After
correction of the lower EL enhancement spectrum by the ratio of the absorption spectra,
both enhancement spectra matched. The AuNR density of a pristine film is maintained
in the final device (Figure 6.13a). The absorption spectrum of a film with a higher
density of AuNRs(Amax =0.120) revealed a red-shifted peak (# in Figure 6.12c) that
is indicative of AuNR agglomerations, whereas the samples with Amax =0.060 and
Amax =0.086 didn’t. Thus, a AuNR density with Amax =0.086 seems to be close to the
optimum density for plasmonic enhancement, being high but without agglomerations.
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(a) (b) (c)
Figure 6.12.: Effect of the 70 · 20 nm AuNR density on EL enhancement. (a) Absorbance of
two AuNR films (no DPPT-BT) and their absorbance ratio. (b) Spectral EL enhancement
of the corresponding AuNR-LEFETs. Sample Amax = 0.060 is corrected for the lower AuNR
density. 15 nm DPPT-BT, current density 300A · cm−2. (c) Normalized absorption spectra of
different AuNR densities. "#" marks agglomeration.
The thickness of the emitter also affects the enhancement. The PL and EL enhancement
factors of a AuNR-LEFET with 15 nm DPPT-BT are significantly higher than with a
27 nm DPPT-BT layer (Figure 6.13), even after correction for the AuNR density by the
absorbance ratio (Figures 6.13b, 6.13c). However, a AuNR-LEFET with 10 nm DPPT-BT
layer did not show any emission enhancement, likely because the emitter didn’t cover
the AuNRs. Thus, a 15 nmDPPT-BT layer appears to be nearly optimal for these AuNRs.
(a) (b) (c)
Figure 6.13.: Effect of the emitter thickness on PL and EL enhancement. (a) Absorbance
of two AuNR films (no DPPT-BT) and extinction of the same films in AuNR-LEFETs.
(b,c) Spectral PL and EL enhancement of the AuNR-LEFETs with 15 nm (Amax = 0.048) and
27 nm DPPT-BT (Amax = 0.039, AuNR density corrected). 70 · 20 nm AuNRs, current density
75A · cm−2.
Figure 6.14 summarizes the impact of the current density on the EL enhancement. EL
composite images of a half-covered channel were recorded at different constant current
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sweeps (Figure 6.14a). A saturation of the detector could be excluded. The enhancement
factor was obtained by normalization to the intensity without AuNR, revealing a
decreasing enhancement with increasing current density (Figure 6.14b). Plotting the EL
enhancement factors versus the current density for different AuNR-LEFETs confirmed
this trend (Figure 6.14c). The enhancement factors from the composite images roughly
matched the ones from the spectra. The enhancement decreased in a similar manner
for all samples, hinting towards a common mechanism that is independent of the
AuNR density. This effect may be related to the onset of self-absorption enhancement.
The absorption of polarons in DPPT-BT overlapped with the resonance of the AuNRs
(compare Figure 5.11 to 6.3c and 6.3d). Thus, the AuNRs enhanced the polaron light
absorption as a competing effect to the enhancement of the radiative decay rate, similar
to the self-absorption at 982 nm (Section 6.5.2). At increasing current densities, the
increasing polaron density in the emission zone (Chapter 5.6) reabsorbed part of the
enhanced emission. In the reference area without AuNR, the polaron self-absorption
was present but not enhanced.
(a) (b) (c)
Figure 6.14.: Effect of the current density on EL enhancement. (a) EL composite im-
ages of a 70 · 20 nm AuNR-LEFET (Amax = 0.086) at current densities of Jd = 30-300A · cm−2.
(b) Summed and normalized cross-sections of (a), including the moving emission peaks
at 300A · cm−2. (c) Current density dependence of the EL enhancement factors of images
(circles) and spectra (squares) for different AuNR-LEFETs. The shaded areas indicate the
error bars.
6.6. Summary and Conclusion
The combination of plasmonic AuNR antennas with a polymer light-emitting field-
effect transistor provided on-demand coupling of electrically generated excitons with
surface plasmon-polaritons via voltage-controlled positioning of the emission zone.
The metallic rod-shaped nanoantennas with a size of 70 · 20 nm and 130 · 20 nm had no
128
6.6. Summary and Conclusion
significant impact on the charge transport in the channel and, in special cases, offer the
chance to even improve charge injection by field confinement at the AuNR tips.
The electric field enhancement around the AuNRs is however universally useful to
enhance the photoluminescence and electroluminescence of LEFETs. The Purcell effect
enabled increased radiative decay rates, converting more excitons into far-field emission
instead of losing them to nonradiative relaxation. The low EQE of the nIR-emitting
polymer DPPT-BT (≈ 1 · 10−4%) was enhanced by a volume- and spectrally averaged
factor between 2 (130 · 20 nm AuNRs) and 2.5 (70 · 20 nm AuNRs). The spectral shape of
the enhancement factor was tuned by the AuNR length. Spectrally resolved maximum
enhancement factors from 2.5 (70 · 20 nm) to 2.75 (130 · 20 nm) revealed large local
enhancement factors of 18 (70 · 20 nm) or 47 (130 · 20 nm) in the mode confinement
volume. The impact of device-related parameters like AuNR density, emitting layer
thickness and current density on the enhancement factor was investigated to yield an
optimized AuNR-LEFET stack.
At the same time, the enhanced emission visualizes that more charge carriers were
converted into plasmons due to increased exciton-plasmon coupling rates. The degree
of coupling is quantified by the enhancement factors. The combination of spatially
confining the emission in a thin zone and controlling its position by the gate voltage in
an LEFET facilitated electrical on/off-switching of the coupling. Simultaneously, the
drain current determined the intensity of the plasmonic signal. This selective coupling
and signal amplification showed the promising properties of LEFETs as a platform for
electrically pumped plasmonic devices. By integrating multiple plasmonic structures in
one channel, the functionality could in principle be extended from on-off-switching and
amplitude-tuning to selective addressing. This exceeds the options given by devices
with a fixed excitation of plasmons, e.g., LEDs or OLEDs.
Owing to the vast possibilities of synthetic chemistry, replacing the emitter with other
polymers, carbon nanotubes, quantum dots or small molecules would create numerous
options to tune the AuNR-LEFET from the visible to the infrared range. While randomly
oriented AuNRs only make use of localized surface plasmon resonances, periodically
patterned plasmonic crystals support surface lattice resonances. The following Chapter 7
illustrates the implementation of a plasmonic crystal in order to increase the quality
factor of the plasmonic resonator. Thus AuNR-LEFETs demonstrated great potential for
electrically powered multifunctional plasmonic devices.
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7. Voltage-controlled Coupling with a
Plasmonic Crystal
7.1. Introduction a
Voltage-control of surface plasmon-polaritons by using plasmonic nanoantennas in a
polymer LEFET, as presented in the previous chapter, demonstrates the potential of
integrating plasmonic structures in optoelectronic devices. The periodic arrangement of
the plasmonic antennas, often coined "plasmonic crystal", creates a hybrid photonic-
plasmonic cavity that provides a trade-off between the high quality factors of photonic
cavities and the sub-diffraction mode confinement and high local field intensities of
plasmonic nanocavities.328,329 Plasmonic crystals do not only support their localized
surface plasmon resonance (LSPR) but also the formation of new hybrid plasmonic-
photonic modes, so called surface lattice resonances (SLRs). These SLRs arise from
diffractive330 or waveguide331 coupling of the LSPRs’ scattered field. As a result of
their photonic character, SLRs are extended over the entire array, i.e., they exhibit larger
delocalization and a longer lifetime. Consequently, plasmonic antenna arrays that use
SLRs produce higher quality factors compared to plain LSPRs.332
When coupling an emitter to randomly distributed and oriented plasmonic antennas,
such as the gold nanorods (AuNRs) in Chapter 6, one can exclusively couple their LSPR
with the excitonic emission in order to enhance the emitter’s luminescence. However,
in such a system the maximum enhancement is limited by the confined volume of
electromagnetic fields in the vicinity of the antennas. In contrast, the SLRs of a plas-
monic crystal overcome this impediment by their photonic character and extended field
profiles and therefore provide a higher overall field intensity,164,330 hence higher Purcell
factors and higher luminescence enhancement. As an additional feature, the period-
aAu nanodisks are used to manipulate the photo- and electroluminescence spectral response of polymer
and carbon nanotube LEFETs in this chapter. Yuriy Zakharko (Heidelberg University) developed the
concept and carried out the simulations, fits and reflectivity measurements. The optical setup for
angle-resolved spectroscopy was constructed by Arko Graf (Heidelberg University). I fabricated all
samples and conducted the charge transport, photoluminescence and electroluminescence spectroscopy,
in parts together with Y.Z. The results of this chapter have been published under the creative common
license (CC BY-NC-ND 4.0),326,327 and all figures are adapted from both publications.
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icity in a plasmonic crystal favors emission of a particular wavelength in a particular
angle, creating directed light emission enhancement, while random antennas cause
enhanced but angle independent emission.164,333,334 If the rate of the coupling between
the emitting dipole and the plasmonic crystal exceeds the decay rate of the individual
oscillation, interesting physical phenomena such as strong light-matter coupling335–340
and even lasing4,341–344 can be produced.
The antenna shape creates requirements for their periodic arrangement. Equally spaced
AuNRs would resonate only in one direction, since the short and long axis have very
different resonance frequencies. In contrast, periodically arranged disk-shaped plas-
monic antennas, i.e., gold nanodisks (AuNDs), will couple the LSPR with neighboring
antennas in any direction. Thus, AuND crystals support SLRs in every possible planar
symmetry, which leads to a higher quality factor. Also, small experimental deviations
from the ideal circle only weakly affect the final spectral features. Both is advantageous
compared to AuNR plasmonic crystals.
SLRs of plasmonic crystals were optically pumped in many studies in the past,334,340,341
but for certain applications in mixed photonic-optoelectronic circuits the ability of
electrical excitation is paramount. The scarcity of SLRs in electronic devices may be at-
tributed to the high intrinsic sensitivity of SLRs to changes of the dielectric environment,
e.g., at electrodes, as a result of their far-field nature.164,345 Thus, several challenges arise
with the integration of AuND plasmonic crystals in electrical devices with regard to
the electrodes, the location of charge transport layers and the thickness of each layer in
order to retain the SLR properties. Even though periodically arranged metal structures
are applied in electrically pumped devices, e.g., OLEDs, they merely exploit far-field
outcoupling or redirection of trapped light.346–349 In such a sandwiched OLED structure
the integration of a AuND array in the emission layer will likely drastically affect the
charge transport by current hot spots or unintentional charge trapping. Instead, insert-
ing a plasmonic crystal into the channel of the LEFET architecture places the charge
injecting electrodes, which are particularly detrimental for the SLR, several micrometers
away from the emission zone and its interaction with the plasmonic crystal. The far-
field coupling between excitons and SLR remains unperturbed. All advantages stated
in the previous chapter are still applicable: (1) tuning the intensity of the plasmonic
signal by tuning the drain current, (2) switching between coupling and non-coupling
by selecting the gate voltage, (3) selective addressing of multiple plasmonic structures
in the same channel. Additionally, directed PL and EL emission and the perspective
of strong coupling make AuND-LEFETs an interesting model system for plasmonic
optoelectronic devices.
In order to provide high emission intensity by high currents in the AuND-LEFETs,
high-mobility semiconductors are required. Thus, the high-mobility polymer DPPT-BT
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will be employed again as the emitting layer. Its broad emission spectrum provides
a wide range for tuned coupling with the AuND’s LSPR and for creating SLRs. Its
long emission wavelength simplifies the fabrication of the antennas in the crystal, since
larger structures are required for resonance and size variations become less relevant.
(6,5) SWNTs will be used as a complementary emitter with a narrowband excitonic
transition and even higher mobility. Although the size-dependent emission wavelength
of SWNTs theoretically enables spectral tuning, it is difficult to up-scale chirality se-
lective SWNT growth and purification methods for each desired wavelength.144,350,351
However, tailored tuning of the emission energy has been achieved by coupling SWNTs
to resonant cavities.164,352–355 The high current densities in SWNT-LEFETs may pave the
way toward practical optoelectronic devices involving SLRs, featuring tailored emission,
polaritonic components and possibly lasers.
7.2. Designing AuNDs for LEFETs
A plasmonic crystal of AuNDs will be incorporated in a LEFET and covered with
a DPPT-BT or SWNT emitter layer, hybrid dielectric and top gate electrode. Before
producing the AuNDs for the devices, their resonance was simulated by the finite
domain time difference method (FDTD, Figure 7.1, Chapter 3.5.1). The simulation
region included the glass substrate, a thin 40 nm DPPT-BT layer covering the AuNDs
(height 25 nm, diameter 300 nm), 226 nm of PMMA (n=1.5), 38 nm HfOx (n=2), 5 nm
AlOx (n=1.75) and a 200 nm PEDOT:PSS gate electrode (n=1.44). For AuND LEFETs
with SWNTs a simpler structure composed of the glass substrate, AuND (height 25 nm,
diameter 260 nm) and 500 nm of SWNT/PMMA (n=1.5) was sufficient. In the real
devices, the height profile of the AuND array propagated partially through the emitter
layer but was leveled by the thick PMMA dielectric layer, which was neglected in
the simulation. The field intensity enhancement profiles around a AuND in DPPT-BT
(Figure 7.1) were simulated by recording the electromagnetic fields in the simulation
region with 2D profile monitors in X-Z and X-Y planes after injection of a Z-polarized
plane wave. Dividing the values for the structure with and without AuND gave the
field intensity enhancement |E/E0|2. The periodic boundary conditions represented the
AuND located in a plasmonic crystal and enable the development of SLRs.
The simulations were used to select the parameters for the AuND plasmonic crystals
(Table 7.1). The pitch p of the AuND array determined the lattice diffraction order and
the SLR, and was chosen to be within 670-1000 nm in order to cover the entire spectrum
of the nIR detectors. The diameter ∅ of the AuND was tuned to match the SLR and
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(a) (b)
(c)
(d)
Figure 7.1.: Field intensity enhancement around AuNDs determined by finite domain time
difference (FDTD) simulation. (a) Simulated emission enhancement spectrum of a AuND-
LEFET (850 nm pitch) with a Ag or PEDOT:PSS gate electrode. (b,c) Simulated top view
of the field intensity enhancement |E/E0|2 (log scale) at λ=1350 nm around a AuND in
the DPPT-BT ("polymer") transistor stack, in (b) TE and (c) TM polarization of the detector.
(d) Side view of (c), including all layers of the simulation.
the emitter spectrum, i.e., 1000-1300 nm for DPPT-BT (Figure 5.7b) and (6,5) SWNTs
(Figure 7.3b).
The lattice diffraction order and SLR were not only determined by the pitch p of the
AuND, but also by the refractive index n of the environment (Equation 2.33). This
refractive index n represented the effective refractive index of the entire transistor stack
and was extracted by fitting the angle-resolved SLR to the experimental reflectivity
spectra (Equations 2.37, 2.38, 2.39, 2.40). The resulting stack-averaged refractive index
of n=1.5 was significantly below the wavelength-averaged (900-1250 nm) refractive
index of 2.58 of DPPT-BT as acquired by ellipsometry measurements (Figures 6.1a, 6.1b).
Hence, the glass substrate and PMMA layer (n= 1.5) had a significantly higher impact
on the AuNDs’ dielectric environment than the surrounding DPPT-BT layer. This effect
reflects the large spatial extension of the SLR and highlights the impact of layers in a
distance of even hundreds of nanometers away from the AuND.
The SLR’s high sensitivity to changes in the dielectric environment strongly affected the
device architecture and processing. To test the effect of the gate electrode on the field
intensity enhancement the refractive index of n=1.44 for PEDOT:PSS was changed to
n= 0.05 for Ag (Figure 7.1a). The FDTD simulation suggested that a Ag gate electrode
on top of the dielectric would limit the local enhancement factor to 3-4 and even quench
the enhancement at the SLR wavelength. A PEDOT:PSS gate electrode however would
keep a constant refractive index around 1.5, matching the dielectric polymer and oxide
layers above the AuNDs. It thus enabled a local enhancement factor of around 14.
FDTD simulations with and without periodic boundary conditions showed that a
single AuND required the emitting dipole to be in a hot spot in order to achieve
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reasonable enhancement.164 In contrast to that, a AuND array gave a 300-500 -fold
higher enhancement and more delocalized fields due to the photonic nature of the
SLRs.164 Thus, there would be less area without any enhancement between the AuNDs
compared to the AuNR where a significant amount of dipoles remain uncoupled.
The top view of the FDTD-simulated coupling between the near-field emission of the
excitonic dipole in DPPT-BT or (6,5) SWNTs and the LSPR of the AuND confirmed this
finding. While the strongest field enhancement is located in direction of the dipole,
there is also significant spatially extended enhancement in perpendicular direction
(Figures 7.1b, 7.1c). The perpendicularity is a result of the quadratic symmetry of the
AuND plasmonic crystal. The enhancement profile is independent of the detection
polarization (transverse electric (TE) or transverse magnetic (TM)).
The side view of the simulated AuND reveals that the field is confined in the horizontal
plane of the disk, where the field enhancement vanishes within an in-plane distance
of ≈ 100 nm (Figure 7.1d). Yet, the FDTD simulation side view also shows that even in
the final device stack, emission would be enhanced at a 200 nm distance in out-of-plane
direction. As in the lateral case, this effect results from the photonic character of the
SLR164,333 and is considered in more detail in Figure 7.13. Hence, even relatively thick
emitter layers should still experience significant PL enhancement.164,340 However, the
fact that EL emission in a top gate LEFET occurs in the recombination zone only at
the top interface of the emitter film suggests higher EL enhancement for thin emitter
layers that bring the electrically pumped emission closer to the plasmonic field. This
parameter was not systematically investigated due to the large computational cost
required. Since the emitting dipoles in DPPT-BT and SWNTs are randomly oriented
in the substrate plane, each dipole can be divided into two orthogonal components
matching the quadratic geometry of the lattice. Thus every emitting dipole contributes
to the SLR, independent of its in-plane orientation, as long as it is not too far from the
AuND.
7.3. Device Layout
In order to create voltage-controlled SLRs, a plasmonic crystal of AuNDs was incorpo-
rated into the channel of a top gate/ bottom contact LEFET (Figure 7.2a). The fabrication
process resembled the one of the AuNR-LEFETs (Chapter 6.3), without the chemical
synthesis, doctor-blading and patterning of the AuNRs. Instead, electron-beam lithog-
raphy was used to pattern the AuNDs in a periodic manner with defined size and
pitch p (spacing of the antennas) in the desired area on glass substrates. The AuNDs
were covered with a 1 nm AlOx layer (electron beam evaporation of 1 nm Al) to avoid
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(a) (b)
(c) (d)
Figure 7.2.: Gold nanodisks (AuND) in a light-emitting field-effect transistor. (a) AuND
LEFET stack. (b,c,d) Dark field optical (black & yellow) and SEM (black & white) micro-
graphs of AuNDs in the LEFET channel: (b) AuND with a pitch of either p=670 nm or
830 nm for DPPT-BT. (c) Three parallel stripes of AuNDs with 700 nm, 850 nm and 1000 nm
pitch for DPPT-BT. (d) Three rectangles of AuNDs with the same pitches as (c) for (6,5)
SWNT emitter.
exciton quenching by the Au.320 Then, source-drain electrodes (2 nm Cr/ 30 nm Au)
were patterned photolithographically around the plasmonic crystals. Subsequently, the
semiconductor was spincoated, either a 40 nm or 26 nm thick layer of DPPT-BT polymer
or a 14 nm thick layer of chirality selected (6,5) SWNTs. As a reference, one sample
was covered with 16 nm non-emitting PFO-BPy polymer. A hybrid dielectric layer of
PMMA (226-230 nm), 38 nm HfOx and 5nm AlOx was deposited by spincoating and
ALD, respectively. A thicker PMMA layer was employed to move the transition of
refractive index from PMMA to HfOx further away from the AuNDs. The gate electrode
was formed by an aerosol jet printed 200 nm PEDOT:PSS layer. As PEDOT:PSS is highly
acidic, common PEDOT:PSS ink formulations such as FHC Solar (by HC Starck) or
PH 1000 (by Heraeus) etch the AlOx or HfOx dielectric layers and create gate current
shorts. Only a combination of a pH-neutral high conductivity PEDOT:PSS dispersion
(Orgacon N-1005) with a thin protective AlOx on top of the PMMA-HfOx hybrid di-
electric yielded a reliable PEDOT:PSS gate electrode. The encapsulating properties of
the HfOx effectively prevented water diffusion from the PEDOT:PSS into the PMMA
and semiconductor during printing. To avoid additional degradation, the devices
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were encapsulated with a glass cover slip and epoxy resin. All processing steps and
characterization methods are detailed in Chapter 3.
Table 7.1 gives an overview of the AuND-LEFETs in this chapter and their parameters.
The AuNDs were arranged in a square symmetric array to simplify the interpretation of
spectral features. They were placed in the transistor channel in three different geome-
tries: (1) Filling the entire channel (20 · 500 µm2), covered by DPPT-BT (Figure 7.2b).
(2) Divided in three stripes of 6.5 µm length but filling the entire width (500 µm) of the
channel, covered by DPPT-BT (Figure 7.2c). (3) Filling the entire length of the channel
but divided along the width in three rectangles (each 20 · 150 µm2) of different pitch,
covered by (6,5) SWNTs (Figure 7.2d). A reference sample of geometries (2) and (3) was
fabricated with the non-emitting polymer PFO-BPy. Each of these AuND-filled channels
had an empty reference channel positioned next to it. A AuND height of 25 nm was
chosen for all samples.
The PL-PLE map of the SWNT film in the AuND-LEFETs revealed two peaks of the
S2 transition (absorption at 577 nm) and the S1 transition (absorption at 1000 nm) side-
band of (6,5) SWNTs (Figure 7.3a), matching the absorption spectrum of the SWNT
film (Figure 7.3b). The emission of the S1 transition at 1020-1050 nm was broadened
(FWHM 130nm in Figure 7.3b) compared to typical (6,5) SWNT films (FWHM 40nm in
Figure 8.1b). The peak broadening is likely caused by partial energy transfer of the (6,5)
SWNTs to small amounts of larger diameter SWNTs, such as residual (7,5) SWNTs from
the CoMoCat raw material, creating a shoulder at 1050 nm in the PL spectrum. The low
wrapping polymer content in dense SWNT films facilitates fast energy transfer between
SWNTs. However, the concentration of the contaminant SWNTs was very low, as no
separate characteristic absorption and emission spots of other chiralities was detected
in the PL-PLE map.
(a) (b)
Figure 7.3.: SWNT films for AuND-LEFETs. (a) PL-PLE map and (b) Absorption and PL
spectra (excitation at 640 nm) of the (6,5) SWNT film used in AuND devices.
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Table 7.1.: Parameters for all AuND-LEFETs. For PFO-BPy the SLR resonance wavelength
λSLR,exp and quality factor Q were derived from the Fano resonance fit (Equations 2.25, 2.41)
of the reflectivity in forward direction. For DPPT-BT and (6,5) SWNTs Q was extracted from
a Lorentz fit of the PL spectra in forward direction. The AuND height was 25 nm for all
samples.
Geometry AuND Emitter Resonance Quality
pitch diameter thick- type λSLR,exp factor Q
p ∅ ness TE TM TE TM
(nm) (nm) (nm) (nm) (nm)
700 215-230 16 1123 1162 21 13
3 rectangles 850 260-275 16 PFO-BPy 1333 1342 27 23
1000 290-305 16 1523 1556 66 16
700 215-230 16 1096 1282 27 6
3 stripes 850 260-275 16 PFO-BPy 1316 1398 33 16
1000 290-305 16 1523 1550 65 3
full 670 300 40 DPPT-BT - - 6 7
830 180-200 40 - - 24 17
700 210-230 26 - - 29 19
3 stripes 850 240-255 26 DPPT-BT - - 45 21
1000 270-280 26 - - 19 -
700 215-240 14 - - - -
3 rectangles 850 260-270 14 (6,5) SWNT - - 33 11
100 275-300 14 - - 17 -
7.4. Charge Transport Characteristics
As with the colloidal and random AuNRs, the charge transport in DPPT-BT was not
dramatically affected by the presence of the plasmonic crystals. The output curves
revealed a Schottky-injection barrier for both the AuND-LEFET and the reference
(Figures 7.4a, 7.4b). Even though the AuND-LEFET showed slightly higher currents
in the output curves, this was not the case in the transfer characteristics (Figure 7.4c).
Here, the AuND-LEFET matched the reference. The extracted saturation mobilities
confirmed the absence of any AuND-induced effect on the mobility (Figures 7.5a, 7.5b).
Despite a trend of higher mobilities for the 830 nm pitch AuND-LEFET and below the
reference for 670 nm, the differences were within the standard deviation. The mobilities
of the channel with three stripes of 700 nm, 850 nm and 1000 nm pitch were very close
to the reference. Here, a potential impact of a certain AuND pitch on the mobility could
not be deconvoluted from the other AuND pitches in the channel.
The AuND-LEFET with 670 nm showed lower threshold voltages Vth than the reference,
explaining the higher currents in the output curves by a higher effective gate voltage
Vg−Vth (Figures 7.5c, 7.5d). This might be attributed to a local variation in the transistor
stack rather than a general phenomenon, because none of the other pitches showed this
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(a) (b) (c)
Figure 7.4.: Charge transport characteristics of the DPPT-BT AuND-LEFET with a 670 nm
pitch and the reference without AuND. (a,b) Output curves, (c) transfer curves (channel
W/L= 25, L= 20µm).
behavior and neither did the AuND-LEFETs with SWNTs. A reduction of threshold
voltage could be caused by a locally thinner DPPT-BT layer or an overlap of the first
row of AuNDs with the electrode, introducing a rougher electrode edge. The trap
densities also remained unaffected by the AuND. All of the above applied equally
to AuND-LEFETs with SWNT emitter, as they showed no systematic effects of the
AuNDs on charge transport, as well. The higher resistance of the PEDOT:PSS gate (110-
150Ω) electrode compared to a Ag electrode (0.53Ω) was not relevant for the transistor
operation.
(a) (b) (c) (d)
Figure 7.5.: Mobility and threshold voltage of DPPT-BT AuND-LEFETs. (a,b) Saturation mo-
bility of (a) holes and (b) electrons of AuND-LEFETs with 830 nm, 670 nm, 700-1000 nm pitch
(3 stripes) and their reference LEFET. (c,d) Threshold voltage of (c) holes and (d) electrons
for the same samples.
Plasmonic crystals in OLEDs introduce roughness into the entire stack, create current hot
spots and charge traps.349,356,357 The absence of such negative effects and the unaffected
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charge transport properties here supports the use of LEFETs instead of OLEDs as a
platform for electrically driven plasmonic devices.
7.5. Photo- and Electroluminescence Coupling
The properties of SLRs in AuND-LEFETs and the coupling of optically and electrically
pumped excitons into SLRs was spectroscopically investigated. The ability to measure
angle-resolved reflectivity, PL and EL spectra in a Fourier-type optical setup (Chap-
ter 3.4.6) was key to characterize the angle-dependence of the SLR-enhanced spectra in
a single measurement.
Prior to the study of emission spectra of SLRs in combination with DPPT-BT and
(6,5) SWNTs, the spectral response of the AuND crystal in a reference sample with
a non-emitting layer of PFO-BPy (absorption at 365 nm)358 was investigated. PFO-
BPy provided a similar dielectric environment to the emitter materials but was not
resonant with the LSPR of the AuND. The angle-resolved reflectivity spectra of the
three rectangular AuND arrays show angle-dependent and detection polarization-
dependent Rayleigh anomalies (Figures 7.6a to 7.6f). These spectral features are caused
by the coupling of LSPRs with the plasmonic crystal’s diffraction orders and thus
demonstrate the presence of highly dispersive SLRs. Each feature can be attributed to
one characteristic diffraction order. The TE polarized spectra were dominated by the
(+1, 0) and (−1, 0) diffraction orders, while the TM polarized optical response matched
the (0,±1) diffraction order. Increasing the AuND pitch red-shifted the reflectivity
pattern of the low diffraction orders (0,±1) and (±1, 0), while also revealing higher
diffraction orders such as (±1,±1) and (±2, 0). Fitting Equations 2.37, 2.38, 2.39 and
2.40 (Chapter 2.8) to the spectra and using the effective refractive index n as the fitting
parameter yielded n= 1.5.
Since the reflected intensity (i.e., IAuND in Equation 3.2) is the difference between
scattering and absorption processes, one would expect a single dip or peak in the
reflectivity spectra in forward direction (at 0°), depending on the AuND size. Larger
AuNDs tend to produce more scattering (positive R) while smaller AuND have a more
absorptive LSPR (negative R). However, the Fano-type interaction between the broad
LSPR spectrum and the discrete SLRs creates a zig-zag overlap. First, the minimum at
shorter wavelengths indicates that absorption of the AuNDs dominates over scattering.
Second, fitting the reflectivity spectra with Equation 2.41 allows me to extract the
spectral position, FWHM and thus quality factor Q of the SLR (Table 7.1). The Fano fit
returns reasonable results, e.g., asymmetry parameters of 3-8 . The quality factors of the
rectangular AuND arrays range from 13-66 and are significantly higher than theQ of the
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(a) (b) (c) (d)
(e) (f) (g)
Figure 7.6.: Non-emitting reference AuND-LEFETs with PFO-PBy and 3 pitches in 3 rect-
angles: (a,b) 700 nm, (c,d) 850 nm and (e,f) 1000 nm. The angle-resolved reflectivity spectra
(TE and TM polarization) are augmented with the calculated Rayleigh anomalies of several
diffraction orders, as indicated in white brackets. (g) Reflectivity spectra for each pitch
in forward direction (TE and TM). The theoretical lattice resonances (Equation 2.33) are
indicated by dotted vertical lines. The Fano resonance fit of the spectra (Equation 2.41) is
in black and white thin lines, with a vertical line representing the extracted SLR resonance
λSLR,exp.
AuNR (≈ 4). The TE and TM polarized spectra should theoretically match in forward
direction. However, Figure 7.6g and the quality factors from the Fano resonance fit
show that the TM polarized spectra are broader (lower Q) and red-shifted to their TE
counterpart. This discrepancy is a consequence of the long side of the channel being
oriented parallel to the spectrometer slit, i.e., perpendicular to the TE polarized emitting
dipoles (Figure 2.7a). Since the long side includes a higher number of AuNDs, the TE
polarization yields narrower spectral peaks and a higher quality factor. Rotating the
sample by 90° creates the opposite phenomenon.164
Even though the analytical equations of the angle-dependent diffraction orders (Equa-
tion 2.38) fit the reflectivity very well at larger angles, there are deviations at low
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angles (dotted versus black vertical lines in Figure 7.6g). As PFO-BPy is not a resonant
emitter with the LSPR, a shift of this magnitude (100 nm for 700 nm pitch, 75 nm for
850 nm pitch, 50 nm for 1000 nm pitch) is not indicative of strong coupling. Instead,
the strong overlap of the lattice diffraction order and LSPRs at low angles generates a
more plasmonic character of the SLRs, leading to a broad spectral resonance. The large
SLR linewidth, absorptive character of the LSPR and Fano-interaction red-shifts the
SLR resonance.166,359 At larger angles and longer wavelength in TE polarization the
overlap is reduced and thus the photonic character of the SLR dominates, decreasing
the linewidth. This exemplifies the dual plasmonic-photonic properties of SLRs. Most
importantly, the presence of the Rayleigh anomalies in the angle-resolved reflectivity
spectrum corroborates that the SLRs of the AuND plasmonic crystal are not destroyed
by any part of the environment in the LEFET stack. These results predict a successful
integration of AuNDs in LEFETs with DPPT-BT and SWNT emitters.
(a) (b) (c) (d)
Figure 7.7.: Reference LEFETs without AuNDs with (a,b) DPPT-BT and (c,d) (6,5) SWNT.
Angle-resolved (a,c) PL and (b,d) EL spectra (TE and TM polarization) of the LEFETs.
Besides the angle-resolved signal of the antennas, a possible angle-dependent contri-
bution of the emitting materials should be examined. The DPPT-BT polymer chains
and (6,5) SWNTs are randomly oriented in the substrate plane and so are their emitting
dipoles. Angle-resolved EL and PL spectra of the respective LEFET without a plas-
monic crystal did not show any angle-dependent features (Figure 7.7). EL and PL of
DPPT-BT match the previous emission spectra (Figures 5.6b, 5.7b). The TM polarized PL
intensity exceeded the TE polarized signal due to the polarization of the laser excitation
(Figures 7.7a, 7.7c). For EL both polarizations match very well (Figures 7.7b, 7.7d).
Overall, the EL intensity of DPPT-BT was much lower and hence the spectrum was
noisier than for (6,5) SWNT LEFETs as a consequence of lower currents due to the
lower intrinsic mobility of DPPT-BT. The EL spectra were identical for any current
density or any position of the emission zone in the channel. Angle-resolved EL (PL)
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enhancement factor spectra from AuND-LEFETs are obtained by dividing the EL (PL)
spectra from the AuND channel by the EL (PL) spectra of the empty reference channel
after normalization to the integration time and current density (laser power).
7.5.1. Spectral Enhancement of High-Mobility Polymers
Replacing the non-emitting PFO-PBy with nIR-emitting DPPT-BT polymer enabled the
investigation of the coupling of optically and electrically pumped excitons with the SLR
of the plasmonic crystal. To keep the structure simple, the entire channel was filled
with arrays of AuNDs with a pitch of 670 nm or 830 nm. The angle-resolved reflectivity
showed features that followed the Rayleigh anomalies of the AuND lattice (Figures 7.8a,
7.8f). This observation confirmed that the properties of the plasmonic crystal were not
affected by changing the active layer to a resonant emitter, and remained unaffected by
the components of the LEFET device. The dielectric environment of DPPT-BT, the thick
230 nm PMMA layer and the PEDOT:PSS gate electrode red-shifted the absorption of
the AuND array into the emission range of DPPT-BT around 1100 nm.
The angle-resolved PL revealed a pattern that matched the Rayleigh anomalies of
the reflectivity (Figures 7.8b, 7.8c, 7.8g, 7.8h). This agreement clearly indicates the
successful coupling of the optically pumped excitons in DPPT-BT with the SLRs of
the plasmonic crystal. The PL enhancement supports this claim, revealing a high
enhancement factor of 4 for the (±1, 0) diffraction order of the 670 nm pitch AuNDs
over the entire recordable range of angles (Figure 7.8b). As with the reflectivity spectra
of PFO-BPy, the TM-polarized PL signal of DPPT-BT was broader, red-shifted and
lower because its dipoles were interacting in the short direction of the plasmonic
crystal (parallel to channel length), resulting in a lower quality factor than with TE
polarization (Table 7.1). In addition, the strongly red-shifted TE-polarized PL pattern of
the 670 nm pitch sample compared to the analytically calculated lattice resonance at low
angles and the large gap between the upper and lower branch at 0° qualitatively may
indicate strong coupling between the DPPT-BT emitter and AuND SLRs. The features
resemble the strongly coupled SWNT spectra observed by Zakharko et al,340 but were
not investigated further.
Electron-hole recombination creates a narrow emission zone, that is expected to be lo-
cated about 40 nm in vertical direction above the AuNDs and can be positioned laterally
via the gate voltage. In agreement with the PL, the angle-resolved EL spectra did not
show the broad angle-independent peak of the uncoupled DPPT-BT (Figure 7.7b), but
the features of the plasmonic crystal’s Rayleigh anomalies (Figures 7.8d, 7.8e, 7.8i, 7.8j).
This clearly confirmed the coupling of the electrically generated excitons in DPPT-BT
with the SLR of the AuND plamonic crystal. This optimized AuND-LEFET stack with its
143
7. Voltage-controlled Coupling with a Plasmonic Crystal
(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
Figure 7.8.: AuND-LEFETs with DPPT-BT on a plasmonic crystal with (a-e) 670 nm or
(f-j) 830 nm pitch. Angle-resolved (a,f) Reflectivity, (b,c,g,h) PL with PL enhancement
(excitation at 785 nm) and (d,e,i,j) EL with EL enhancement spectra (TE and TM polarization).
Analytical dependences for Rayleigh anomalies are indicated by white dotted lines. The
white arrow in (g) marks a special feature.
large spatial separation of metallic electrodes makes it an ideal platform for electrically
pumped SLRs. The hybrid dielectric enabled high pumping currents due to the high ca-
pacitance, while avoiding interference effects due to its limited thickness. The polymer
gate electrode provided a constant-refractive-index-environment without disturbance
of extensive field enhancement of the SLR while not limiting the charge-transport and
function of the LEFET. The successful coupling of a plasmonic crystal with a polymer
emitter under electrical excitation shifted the TE-polarized peak wavelength in the
device depending on the extraction angle (Figure 7.9a). In contrast, the TM-polarized
emission peak changed only marginally (Figure 7.9b).
The 670 nm pitch AuND-LEFET displayed the highest EL enhancement factor of 1.8, as
the near-field interaction of the excitons with the AuND resulted in emission enhance-
ment via the Purcell effect. The EL enhancement was below the PL enhancement factor
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because not the entire emitter layer but only a thin accumulation layer and recombina-
tion zone on top of the plasmonic crystal contributed. Since the 830 nm pitch AuNDs
had a more red-shifted lattice resonance (1245 nm) and coupled to the lower intensity
part of the DPPT-BT emission spectrum, the EL and PL enhancement factors were lower,
1.7 and 2, respectively. On the other hand, this detuning from the LSPR led to a much
higher TE-polarized quality factor of 24 (670 nm: Q=6) due to a very narrow FWHM
of the emission peak (25 nm, white arrow in Figure 7.8g). This spectral narrowing was,
however achieved at the expense of emission intensity.
(a) (b) (c) (d)
Figure 7.9.: EL spectral shift and integrated PL enhancement for 670 nm and 830 nm pitch
AuND-LEFETs with DPPT-BT. (a,b) Angle-resolved EL spectra (670 nm pitch), (a) TE and
(b) TM polarized, as obtained from cross sections of Figure 7.8d and 7.8e. (c) Absolute PL
spectra, integrated over all angles, of the AuND-LEFETs from Figures 7.8b, 7.8c, 7.8g, 7.8h
and the reference without AuND from Figure 7.7a. (d) Angle-integrated PL enhancement,
as calculated from (c).
Numerical calculations confirmed the correspondence of angle-resolved emission en-
hancement and increased local field density.164 The former provides evidence for the
Purcell effect, but only at a particular angle, corresponding to a change in the spec-
tral density of states360 or fractional radiative local density of states (fLDOS).361,362
However, integration of the angle-resolved PL spectra over all recorded angles of ±50°
provided an indication of the change of the local density of states (LDOS), which is
proportional to the change in radiative decay rate and thus emission efficiency. A full
360° integration in an integrating sphere was impossible due to the low efficiency of
the nIR emitters. The angle-integrated spectrum of the reference in Figure 7.9c matched
the uncoupled DPPT-BT spectrum in Figure 5.7b. The angle-integrated PL enhance-
ment spectra demonstrated PL enhancement for most of the spectrum for 670 nm pitch
AuNDs and for 1150-1400 nmwith 830 nm pitch AuNDs (Figure 7.9d). PL enhancement
below unity at wavelengths lower than 1000 nmwas a result of increased self-absorption
of DPPT-BT, as discussed in Chapter 6.5.2. A possible contribution by increased laser
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excitation would create angle-independent enhancement that lifts the off-resonant wave-
length range above unity, thus can be excluded. Improved outcoupling of trapped light
by the AuND via scattering was also ruled out since thin emitter layers with an in-plane
orientation of dipoles, as is the case for DPPT-BT, are less prone to such effects.293,346
The angle-integrated EL enhancement spectra were equivalent to the PL. Consequently,
the near-field interaction of the emitting dipoles with the SLR of the AuND plasmonic
crystal did not only increase the fLDOS but also the LDOS, a clear indication of the
Purcell effect. The emitted total power in AuND-LEFETs exceeds the reference due to
an increased radiative decay of excitons and redirection of the emission according to
the dispersion properties of the SLRs.
In conclusion, filling the entire channel of a DPPT-BT LEFET with a AuND plasmonic
crystal created a source of electrically excited surface lattice plasmon-polaritons. Pump
current densities of around 104A · cm−2 were achieved and may be able to compensate
losses in plasmon-assisted nanolasers.363 The angle-dependent properties of the plas-
monic antenna array enabled spectral tuning of the emitter, i.e., selecting the emission
wavelength peak by angle. Angle-integrated spectra confirmed emission enhancement
via the Purcell effect.
7.5.2. Selectively Addressed Surface Lattice Resonances
The fabrication of the AuND via electron beam lithography enables precise positioning
of the desired plasmonic structure with complete freedom of design. As with the
colloidal AuNRs, filling half of the channel with a plasmonic crystal enables voltage-
controlled on- and off-switching of the exciton-SLR-coupled emission, which is not
presented in detail here. Instead, filling the 20 µm long channel with three stripe-shaped
plasmonic crystals of different pitch (700 nm, 850 nm, 1000 nm) created the possibility to
examine gate voltage-selective tuning of the coupling of electrically generated excitons
to three different SLRs. The individual plasmonic crystals extended only 6.5 µm in
channel length direction, but spanned 500µm in direction of the channel width.
As in Section 7.5.2, the angle-resolved reflectivity spectra of the three stripe-shaped
AuND arrays revealed the Rayleigh anomalies of the lattice. The strongly red-shifted
resonance of the AuNDs with 1000 nm pitch showed higher (±2, 0) diffraction order
features (Figures 7.10a, 7.10f, 7.10k). The angle-resolved PL spectra indicate coupling
of the optically excited excitons with the SLRs, following the Rayleigh anomalies
(Figures 7.10b, 7.10c, 7.10g, 7.10h, 7.10l, 7.10m). However, coupling to the SLRs of
the neighboring lattices also occured, causing a 850 nm pitch resonance in Figures 7.10b
and 7.10c, a 700 nm resonance in Figures 7.10g and 7.10h, and a 700 nm and 850 nm
resonance in Figures 7.10l and 7.10m. Direct excitation could not be responsible for this,
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because the 1 µm sized laser spot covered only one stripe-shaped AuND array. Instead,
the fields of the SLRs overlapped with and excited the neighboring AuND stripes. This
finding corroborates the large spatial range of the SLR field enhancement in the FDTD
simulations and highlights their photonic properties.
It is important to point out that the quality factor of the SLR scales with the number of
AuNDs in the plasmonic crystal.364 In "regular" orientation, the sample was oriented
with the long axis of the AuND array (channel width direction, 500 µm) parallel to the
spectrometer slit. Such a perpendicular alignment to the TE polarized portion of the
dipole emission resulted in coupling with a high number of AuNDs (Figure 2.7a). The
TM signal originated in the coupling to the short axis and fewer AuNDs. The quality
factor Q of PFO-BPy reference devices in regular orientation quantified the plasmonic
crystal size-dependent effect. Reducing the long axis from 500µm (3 stripes in Table 7.1)
to 150 µm (3 rectangles) did not affect the Q of the TE polarized reflectivity. In contrast
to that, the TM polarized Q decreased significantly when reducing the short axis from
20µm (3 rectangles) to 6.5 µm (3 stripes). A Q= 3 for the 1000 nm pitch AuND stripe is
not surprising when considering that only 6 disks covered the 6.5 µm short axis.
The lower quality factor of the plasmonic crystal in the short axis direction could be
mitigated by rotating the sample by 90° with the long axis being perpendicular to the
spectrometer slit ("sample rotation" in Figure 2.7a, indicated by ⊥ in emission spectra).
In this orientation, the TM polarized fraction of the dipoles coupled in direction of the
crystal’s long axis and to higher quality SLRs, resulting in higher intensity and higher
enhancement in the emission spectra (Figures 7.11a, 7.11b). Therefore the TM polarized
emission in Figure 7.10 was recorded in perpendicular "⊥" sample orientation. However,
despite coupling the TM polarized emission to the long axis of the plasmonic crystal, its
Q does not exceed 60% of the TE polarized PL (3 stripes DPPT-BT Table 7.1). The lower
dispersion of TM SLRs broadens their peak due to the more plasmonic character.
In spite of the lower 25 nm thickness of the DPPT-BT emitter, coupling EL into the
plasmonic crystal was only visible for the 700 nm pitch AuND-LEFET (Figures 7.10d,
7.10e, 7.10i, 7.10j, 7.10n, 7.10o). The EL coupling was marginal compared to the 670 nm
and 830 nm pitched AuND-LEFETs with 40 nm DPPT-BT in the previous section. This
effect was attributed to a spatially and temporally unstable emission zone that covered
more than one plasmonic crystal stripe and moved out of the field of vision during the
measurement.
By calculating the angle-integrated PL spectra, the enhancement of the different pitches
could be compared. All AuND-LEFET PL spectra surpassed the reference LEFET
without AuND, both in TE and TM polarization (Figure 7.11c). The spectral shape
of the 700 nm pitch AuND-LEFET resembled the 670 nm, and the 850 nm was similar
to the 830 nm AuND-LEFET in Figure 7.9c. The angle-integrated PL enhancement
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(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
(k) (l) (m) (n) (o)
Figure 7.10.: AuND-LEFETs with DPPT-BT and 3 pitches in 3 parallel stripes: (a-e) 700 nm,
(f-j) 850 nm, (k-o) 1000 nm. Angle-resolved (a,f,k) Reflectivity, (b,c,g,h,l,m) PL with PL
enhancement and (d,e,i,j,n,o) EL with EL enhancement spectra (TE and TM polarization).
Analytical dependences for Rayleigh anomalies are indicated by white dotted lines. The
additional black and blue lines in (b,c,g,h,l,m) represent additional resonances of AuND
with 700 nm and 850 nm pitch, respectively. For TM polarized PL and EL the sample was
rotated by 90°, as indicated by the ⊥ symbol.
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(a) (b) (c) (d)
Figure 7.11.: Effect of sample rotation and integrated PL enhancement in DPPT-BT AuND-
LEFETs with 3 different pitches in 3 stripes. (a,b) Angle-resolved PL spectra of 850 nm pitch,
(a) TE and (b) TM polarized, with the transistor channel positioned parallel or perpendicular
(rotated by 90°, "⊥") to the spectrometer slit. (c) Absolute PL spectra, integrated over all
angles, of the AuND-LEFET with 700 nm, 850 nm and 1000 nm pitch from Figure 7.10 and
the reference without AuND from Figure 7.7a. (d) Angle-integrated PL enhancement, as
calculated from (c).
factors exceeded unity and rose up to 3 for TM-polarized emission being enhanced
by 700 nm pitched AuNDs (Figure 7.11d). Also the AuND-LEFET with 850 nm pitch
reached an angle-integrated enhancement factor of 2.4, clearly exceeding the 830 nm
AuND-LEFET of the previous section due to the higher quality factor after sample
rotation. The high enhancement factors of TE-polarized angle-resolved spectra were
limited to a specific angle, and averaged out in angle-integration. As expected from the
angle-resolved spectra, the 1000 nm pitch AuND array enhanced the emission on a very
broad wavelength range. The fact that the emission enhancement exceeded unity at
every wavelength after angle-integration demonstrates an increase of not merely the
fLDOS but also the LDOS via the Purcell effect.
In conclusion, three different plasmonic structures were successfully integrated into
one LEFET channel. The division of the AuND array into three parallel stripes did not
impair the ability to couple photo- and electrically pumped excitons with the SLRmodes
of the plasmonic crystal. Decreasing the short axis dimension of the plasmonic crystal
lowered the quality of the SLRs and minimized the enhancement of the corresponding
polarization of emission. Providing less emitter material results in weaker coupling,
however. Assuming an optimized stable and straight emission zone selective addressing
of a plasmonic structure in the LEFET channel would be feasible. As a consequence
of the Purcell effect, i.e., the near-field coupling of the emitter and the AuND array’s
plasmonic surface lattice resonance, the emission was enhanced at specific angles and
wavelengths as determined by the AuND array pitch. At the same time the emission
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was significantly narrowed compared to the unenhanced spectrum. The integration of
three plasmonic crystals in a single device may enable wavelength tuning by changing
the detection angle or by moving the recombination zone within the channel.
7.5.3. Tailored Emission Spectra from Carbon Nanotubes
Sorted and monochiral (6,5) SWNTs offer a significantly narrower spectrum than most
polymer emitters. Coupling plasmonic crystals to this emitter should not broaden the
final spectrum. The broad LSPR ensures a strong overlap with the narrow (6,5) SWNT
spectrum. However, in combination with the photonic character of SLR, the narrow
pitch distribution by precise e-beam lithography fabrication of AuNDs establishes a
narrow FWHM of the SLRs. This matches the narrowband emission features of the
SWNT.
As a consequence of the low quality factor in the short axis direction of the three stripe-
shaped AuND crystals in the channel length direction, three rectangular fields of AuND
(700 nm, 850 nm and 1000 nm pitch) that spanned the entire 20 µm of the channel length
but each only 150 µm of the 500 µm channel width were integrated in the LEFET channel.
Hence, the angle-resolved spectra did not change significantly when the channel was
rotated, because the number of AuNDs was sufficiently high in every direction of the
plasmonic crystal.
Following the lower and higher diffraction orders of the AuND lattice, the Rayleigh
anomalies of the angle-resolved reflectivity spectra confirmed undisturbed SLRs also
for the (6,5) SWNT emitter (Figures 7.12a, 7.12f, 7.12k). The angle-resolved PL spectra
revealed a strong dispersionless excitonic peak at 1070 nm that matched Figure 7.7c but
also typical features that were attributed to the crystal’s SLR (Figures 7.12b, 7.12c, 7.12g,
7.12h, 7.12l, 7.12m). Thus, not all excitons in the SWNT layer coupled to the plasmonic
crystal, even though the 700 nm pitch AuND array was tuned to a 1050 nm resonance.
The uncoupled emission peak prevented a reliable extraction of the PL quality factor for
the 700 nm pitch, but the Q factors of the 850 nm pitch SWNT AuND-LEFET (Table 7.1)
roughly matched the Q of the 830 nm DPPT-BT sample. The angle-resolved PL enhance-
ment highlighted the coupling to the SLRs with emission enhancement by a factor of
6.5 (700 nm pitch, TE), 5 (850 nm pitch, TE) and 2.5 (1000 nm pitch, TE), respectively.
The fact that there was no enhancement factor < 1 in the uncoupled regime around
1150 nm suggests that the enhancement was not a result of redirecting light but actually
enhancing the radiative recombination rate via the Purcell effect at resonant wave-
lengths. The 1000 nm pitch AuND-LEFET exhibited a local PL enhancement maximum
at 1200-1300 nm. This enhancement originated from the low intensity emission peak
around 1300 nm, which was most likely a result of charge and energy transfer to a small
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residual amount of (10,5) SWNTs, as trion emission of (6,5) SWNTs was not present in
PL spectra.95
(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
(k) (l) (m) (n) (o)
Figure 7.12.: AuND-LEFETs with (6,5) SWNTs and 3 pitches in 3 rectangles: (a-e) 700 nm,
(f-j) 850 nm, (k-o) 1000 nm. Angle-resolved (a,f,k) Reflectivity, (b,c,g,h,l,m) PL with PL
enhancement and (d,e,i,j,n,o) EL with EL enhancement spectra (TE and TM polarization).
Analytical dependences for Rayleigh anomalies are indicated by white dotted lines.
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In agreeement with the PL, the angle-resolved EL spectra also revealed uncoupled
emission (compare to Figure 7.7d) alongside SLR features (Figures 7.12d, 7.12e, 7.12i,
7.12j, 7.12n, 7.12o). Despite the narrow emission peak of (6,5) SWNTs and the residual
uncoupled emission, SLRs were electrically excited by this high-mobility semiconductor
network. The EL enhancement was below unity as a result of fluctuating currents
during the 5min measurements, which were time-averaged and taken into account in
the calculation of the enhancement factor. On top of that, normalization by the current
(entire channel) cannot account for local current density variations.
(a) (b)
Figure 7.13.: Comparison of experimental and simulated data for a (6,5) SWNT AuND-
LEFET with 850 nm pitch. (a) PL and Reflectivity spectra (TE) at emission angles of 0° and
10°. (b) FDTD simulation of the field enhancement spectra (|E/E0|2) at emission angles of 0°
and 10° for distances up to 300 nm above the AuND layer.
Cross sections at 0° and 10° of the PL and reflectivity spectra emphasize the correla-
tion between the emission maximum and SLRs’ reflectivity inflection point, which
results from the Fano-type interaction of the lattice diffraction orders with the LSPRs
(Figure 7.13a). This correlation excludes outcoupling enhancement as strong scattering
would create an emission peak at the reflectivity maximum. Further, the thin emitter
layer and random orientation of SWNTs (and emitting dipoles) alleviated light-trapping
issues. These cross sections are contrasted with FDTD simulations. In order to estimate
the plane-averaged field intensity enhancement values as a function of the distance from
the glass/SWNT interface (Figure 7.13b) the electromagnetic fields were recorded with
a 3D monitor (850 · 850 · 300 nm3 box for (6,5) SWNTs) set around the AuND. The field
intensity enhancement |E/E0|2 was calculated for an X-polarized plane wave injected at
θ = 0° or 10° to the surface by averaging values in the X-Y plane for each Z-position, ex-
cluding values of cells/positions not representing the SWNT layer, and dividing by the
values for the same configuration without the AuND. The FDTD simulations of the field
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enhancement correlate well with the experimental PL enhancement peaks at 1315 nm
for 0°, and 1160 nm and 1440 nm for 10° (Figure 7.13b). For θ = 0° a quasi-guided mode
appeared in the simulations for emitter thicknesses above 100 nm,365 but obviously not
in the experimental spectra of the 14 nm SWNT AuND-LEFET. The mismatch between
experimental PL enhancement factors and simulated field intensity enhancement could
be attributed to the non-ideal uniformity of the AuND, local layer thickness deviations,
metal-related losses close to the AuNDs and possibly field screening by the dense SWNT
layer. More importantly however, the simulations showed that the field enhancement
reached up to 300 nm in z-direction, with a maximum in the first 50 nm. Such large
range coupling is a direct manifestation of the photonic character of the SLRs.
Much thicker layers than the 14 nm (6,5) SWNTs would still couple with the AuNRs
array. PL experiments with the same AuND lattice and the same SWNT emitter revealed
clear strong coupling for SWNT layers above 200 nm thickness and 670 nm AuND
pitch,340 but not with 830 nm or 1000 nm pitch.164 Such large SWNT layer thicknesses
of 100-300 nm could not be successfully employed in LEFETs, since the layers become
increasingly rough at the top. The presence of uncoupled excitonic emission from the
SWNT layer here is not a sign of inferior coupling, as it is equally present in the strong
coupling case.
(a) (b) (c) (d)
Figure 7.14.: Integrated PL enhancement and spectral EL shift in (6,5) SWNT AuND-LEFETs
with 3 pitches in 3 rectangles. (a) Absolute PL spectra, integrated over all angles, of the
AuND-LEFET with 700 nm, 850 nm and 1000 nm pitch from Figure 7.12 and the reference
without AuND from Figure 7.7c. (b) Angle-integrated PL enhancement, as calculated from
(a). (c) Normalized EL spectra (TE at 0°) for all pitches and the reference without AuND.
(d) Normalized EL spectra (TE at 0°) of the AuND-LEFETs from (c) after subtracting the
reference spectrum. The latter is included for comparison (black).
The angle-integrated PL and PL enhancement spectra of the narrowband (6,5) SWNTs
revealed enhancement for all AuND pitches, in agreement with the broadband emitter
DPPT-BT (Figures 7.14a, 7.14b). The maximum enhancement factors were similar to
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the DPPT-BT samples (Figures 7.11d, 7.9d), with 2.5 for 850 nm pitch and even slightly
higher with 3.2 for the 700 nm pitch. This confirmed the Purcell effect and enhancement
via changing the LDOS also for AuND arrays with (6,5) SWNTs.
Combiningmultiple AuND plasmonic crystals in one LEFET channel provided coupling
of excitons into different plasmon resonances at the same time. In essence, one transistor
may create multiple plasmonic signals simultaneously. The freely tunable SLRs enabled
straight forward definition of the emission wavelength by the AuND array pitch,
as emphasized by the EL spectra in forward direction (Figure 7.14c). The coupled
resonances could clearly be distinguished from the reference spectrum and became
unambiguous after subtraction of the reference and normalization (Figure 7.14d). In
addition, the detection angle may be used for further tuning. The ability to continuously
shift the emission peak of a narrowband emitter, such as (6,5) SWNTs enables the
application of a single nanotube chirality with high production yield for different
spectral bands. The order of magnitude higher charge carrier mobility of (6,5) SWNTs
compared to DPPT-BT facilitated high pumping rates (current densities of 30 kA · cm−2)
for EL signals with higher brightness.
7.6. Summary and Conclusion
The integration of a plasmonic AuND crystal in the channel of LEFETs created devices
with voltage-controlled coupling of excitons to high quality factor surface lattice reso-
nances. A modification of the intensity of emission was achieved by two concurrent
mechanisms. First, the emission and emission enhancement patterns followed the angle-
dependent Rayleigh anomalies of the lattice for simple and higher diffraction orders,
causing an angular redistribution of the light. Second, enhancement factors of up to 3
were accomplished after integration over all angles, confirming not just enhancement in
certain directions but also overall emission enhancement via the Purcell effect. Tailoring
the emission was not just achieved by angle-dependence but also by tuning the AuND
pitch. Both enabled to create multi-band signals in optoelectronic devices with a single
emitter and present an extension of the concept of plasmonic antennas in LEFETs from
localized surface plasmon resonances for random colloidal AuNR antennas to collective
surface lattice resonances in AuND plasmonic crystals.
Successful integration of three different plasmonic crystal geometries in one LEFET
channel enabled selectively addressing several SLRs by voltage-controlled positioning
of the emission zone. Stripe-shaped plasmonic antennas arrays could be separately
excited, whereas multiple rectangular AuND arrays exhibit higher enhancement in
channel length direction.
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Two very different emitters were coupled to the plasmonic arrays: a broadband high-
mobility polymer DPPT-BT and a narrowband (6,5) SWNT emitter with even higher
carrier mobilities. The extension from broad to narrowband emphasizes the versatility
of the concept of emission peak tuning under optical and electrical excitation. The
high mobility of both materials enabled high current densities and sufficient emission
brightness. The mutual compatibility of the AuND with the emitter material without
compromising charge transport or affecting the far field coupling opens the material
spectrum to other nIR emitters, such as quantum dots,274 two-dimensional transition
metal dichalcogenides,366 perovskites367 and molecular semiconductors.368 Materials
with higher intrinsic quantum yield would not benefit from large Purcell enhancement
factors but could be tuned by redirection of emission.333 Creating electrically pumped
hybrid plasmonic-photonic SLRs is not limited to a certain antenna structure or specific
emitter. Instead the LEFET was successfully demonstrated to be a versatile platform for
electrical pumping of high quality factor resonances. The devices presented here are an
important step towards efficient, tunable and electrically driven nIR light sources.
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8. Voltage-controlled Strong and
Ultrastrong Coupling in
Microcavities
8.1. Introduction a
Photonic microcavities are an alternative concept to plasmonic nanostructures, where
the emitter is usually sandwiched between two flat mirrors in a Fabry-Pérot configura-
tion (Chapter 2.9). The confinement of light in the emitting material and the interaction
between the photons and the emitter’s excitons may result in weak coupling, as in the
previous chapters. However, when the coupling rate exceeds the dissipation rate of pho-
tons and excitons, the strong or even ultrastrong coupling regime is entered, creating a
new type of quasi-particle called "exciton-polariton". Exciton-polaritons possess mixed
properties of photons (small effective mass) and excitons (fast relaxation and strong
non-linearities), leading to several fascinating quantum phenomena such as superfluid-
ity,369,370 Bose-Einstein condensation9,371 and other quantum effects.174,372 One of the
most promising effects for application is polariton lasing at room temperature by stimu-
lated scattering toward a non-equilibrium polariton Bose-Einstein-condensate.371,373,374
The coherent emission from a macroscopic condensate occurs above a threshold that is
orders of magnitude below conventional lasing by population inversion.10 Often III-IV
semiconductor quantum wells are employed as inorganic emitters, where optically
and electrically pumped polariton lasing has been achieved.373 However, only optical
aLEFETs are combined with Fabry-Pérot microcavities to facilitate strong and ultrastrong coupling
between photons and excitons of DPPT-BT polymer and (6,5) SWNTs, as described in this chapter. The
transfer matrix simulations were carried out by Arko Graf (Heidelberg University). The optical setup
for angle-resolved spectroscopy was constructed by A.G. I developed the fabrication routine, fabricated
all samples and conducted the charge transport characterization of the SWNT c-LEFETs. The electrical
measurements of the DPPT-BT LEFETs were carried out by Pengning Chao (Princeton University)
under my supervision. The reflectivity, photoluminescence and electroluminescence spectroscopy were
conducted by A.G. and me, together. A.G. contributed the evaluation of the angle-resolved spectra by
fitting the experimental data to the coupled oscillator model. I carried out the EQE measurements and
the calculations of the exciton relaxation efficiency. The results of this chapter were published under the
creative common license (CC BY-NC-ND 4.0),57 or with permission to be freely used by the authors.56
All figures are adapted from both publications.
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pumping produced polariton lasing in organic materials so far.375 While the light-matter
interaction in organic materials is particularly strong376–378 and polariton lasing be-
comes possible at room temperature,11,375,379,380 their low charge carrier mobility is
considered to be the main limitation, preventing the high current densities that would
be required for electrically pumped organic polariton lasers.174
But even without overcoming the polariton lasing threshold, taking advantage of the
mixed character of polaritonic emission may result in superior properties compared
to purely excitonic or photonic emission, especially when the coupling is ultrastrong.
The ultrastrong coupling regime is assumed to be reached when the coupling strength
exceeds about 20% of the exciton energy. Conspicuously, ultrastrongly coupled emis-
sion brings forth not only intriguing quantum phenomena192,381 but exhibits ultrashort
timescales of light-matter interaction,382 a very low dispersion and thus minimal an-
gular color shift,192,383 while still maintaining a very narrow linewidth (overcoming
inhomogeneous broadening)384 Exploiting these unique features may generate color-
pure emission in electrically driven light-emitting polaritonic devices.
A main requirement for large coupling potentials and polariton lasing is a large oscilla-
tor strength, which must be maintained under electrical pumping. As it will be reduced
under charge accumulation,385 the required high current densities for polariton conden-
sation will result in a transition from strong to weak coupling386 unless a material with
high mobility is employed. Carbon nanotubes (SWNTs) and DPPT-BT polymer may
be a promising alternative to the materials used so far, as their ambipolar mobilities
are comparably high,26,28,106,135 in addition to their large oscillator strength and large
exciton binding energy. SWNTs have revealed exciton-polaritons with a high Rabi
splitting above 120meV at moderate concentrations of 2wt% in microcavities,387 which
can be attributed to their large oscillator strength of ≈ 5.145 The large exciton binding
energy in SWNTs (0.37 eV),388 which is even larger in DPP polymers (0.62 eV),105 enable
polariton formation even at room temperature. DPP-based donor-acceptor copolymers
such as DPPT-BT have shown high absorption cross sections that are attributed to
their extended persistence length and therefore large oscillator strength.122 The similar
properties of ladder-type polymers, i.e. high stiffness and large oscillator strength,
have previously produced strong coupling and polariton condensation at room tem-
perature.375,389 However, their very low charge carrier mobilities prevented electrical
excitation of exciton-polaritons.390,391
The properties for an ideal polariton emitter material and the relaxation mechanisms
into polaritons are still under discussion.174,392 Some advantageous properties are
typical for inorganic materials while others are inherent to organic semiconductors.
The emitter material should provide fast channels for exciton-to-polariton relaxation
to achieve accumulation in the ground state at room temperature. SWNTs exhibit a
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fast exciton decay within ≈ 40 ps,393 while DPPT-BT possesses an even shorter exciton
lifetime of 7 ps.113 Whether such short radiative lifetimes support exciton relaxation
into polariton states or whether the associated high number of non-radiative channels
and low quantum yield inhibits the formation of a condensate will remain under
investigation.
So far electrical pumping of exciton-polaritons for strong and ultrastrong coupling has
been achieved multilayer in LED structures, for both inorganic373,374,386 and organic
small molecule23,384,394–398 emitters. In cavity OLEDs, the mirrors act concurrently as
the injection electrodes and charge transport is parallel to the cavity resonance. Hence
varying the emitter layer thicknesses will affect the charge injection, electron-hole ratio
and cavity resonance simultaneously. As a compromise, the thickness of the hole and
electron injection layers is used to tune the cavity in these OLEDs. As this affects the
total OLED resistance, it is impossible to change the optical properties without affecting
the charge transport. In order to decouple charge transport and cavity resonance, the
cavity must be placed perpendicular to the charge transport direction. Bhattacharya
et al. placed two vertical DBR mirrors onto the flanks of a horizontal inorganic LED
structured by focused ion beam milling.374 This process is not an option for organic thin
films, however. Thus integrating an LEFET into a Fabry-Pérot microcavity (c-LEFET)
would overcome the disadvantages of cavity OLEDs by decoupling charge transport
from cavity resonance. The in-plane current flow would remain unaffected by the
optical feedback structures.273
In contrast to cavity OLEDs, both charge carrier types are directly injected into the
emitter and thus no additional charge injection or blocking layers are necessary in
c-LEFETs. Their absence also avoids residual EL from the injection layers,394 and
confinement of the emission near the electrodes.51,178,399 Placing the emission zone
in the channel center facilitates undisturbed resonance with the cavity. All of the
advantages of LEFETs over OLEDs apply, as explained in Chapter 2.2: absence of metal
quenching, higher efficiency and higher achievable current densities. The concept of
c-LEFETs has been investigated only once, leading to narrow emission by weak coupling
without exploiting the advantages of exciton-polaritons.399 In this chapter c-LEFETs
provide electrically pumped strong and ultrastrong light-matter hybridization in the nIR
regime in (6,5) SWNTs and the donor-acceptor copolymer DPPT-BT. This novel platform
for polariton excitation generates large Rabi splitting, tunable emission energy, narrow
linewidth, minimized color shift and tunable coupling strength. The high mobility of
the employed emitters guarantee high current densities, an important requirement for
potential electrically pumped polariton condensation.25
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8.2. Device Layout
To fabricate a c-LEFET, a semi-transparent 30 nm Au bottom mirror with a 2 nm Cr
adhesion layer was evaporated on the substrate, covered with an insulating AlOx
spacer layer of varying thickness (by ALD at 200 ◦C) and a top gate/ bottom contact
LEFET was completely structured on top (Figure 8.1a). The LEFET was comprised of
lithographically patterned 2 nm Cr and 30 nm Au source-drain electrodes, a spincoated
DPPT-BT or (6,5) SWNT emitter layer of variable thickness, a PMMA-HfOx hybrid
dielectric with different thicknesses and a Ag gate electrode. The 60 nm Ag gate served
as the cavity’s top mirror. It was thicker and more reflective than the bottom mirror,
because the emission was measured through the bottom mirror and glass substrate.
The employed thicknesses of spacer, emitter and hybrid dielectric layers are listed in
Tables 8.1 and 8.2. None of the devices were encapsulated. All processing steps and
characterization methods are detailed in Chapter 3.
(a) (b) (c)
Figure 8.1.: Emitters and cavity-LEFET. (a) Stack of a microcavity in a light-emitting field-
effect transistor. (b,c) PL, EL and absorption spectra of (b) the rough (6,5) SWNT layer (PL
under 575 nm excitation) and (c) DPPT-BT (PL under 785 nm excitation). PL and absorption
spectra of films, EL spectra from reference LEFETs without bottom mirror. The SWNT
phonon sideband is labeled with "p.s.", the DPPT-BT vibronic shoulder with "v.s.".
The Fabry-Pérot microcavity was formed between the two mirrors while the LEFET
channel was located in the upper part (inset of Figure 8.1a). The resonance of the
cavity was tuned by the AlOx spacer layer, but also determined by the thickness of the
emitter and dielectric. The ability to deposit oxide layers with a thickness precision of
nanometers via ALD is the key to obtain precise resonances. The emitter layer position
and thickness was chosen by a trade-off between electrical and optical performance.
The latter would be maximized by placing the emitter in the cavity’s center for highest
field overlap and making the emission layer as thick as possible for strong coupling.400
In contrast to that, thinner semiconductor layers reduce the vertical bulk resistance of
charge injection, i.e. decrease the onset voltage. Thinner dielectrics are essential for
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driving the transistor at low gate voltages, but lead to an off-centered position of the
emitting layer.
The quality factor Q of the cavity largely determines the polariton lifetime and thus
polariton density. Even though metal mirrors have the advantage of reducing the mode
volume, leading to a larger Rabi splitting,192,396 distributed Bragg reflector mirrors
(DBR, layered oxides) clearly lead to higher quality factors. As the bottom mirror in
c-LEFETs is not involved in charge injection, unlike in OLEDs, the Au layer used here
could readily be replaced a DBR and would increase Q by roughly 25%.401 Since the
top mirror is subject to optical and electrical demands, an ITO layer below a DBR could
serve as the gate electrode.399 Nevertheless, the following results will prove that metallic
mirrors suffice to enable electrically pumped strong coupling. The integration of an
LEFET into a microcavity reveals to be a very useful platform for electrical pumping of
strongly and ultrastrongly coupled exciton-polaritons.
8.3. Electrically Pumped Strong Coupling in Carbon
Nanotubes
To investigate the feasibility of electrical pumping of exciton-polaritons, c-LEFETs were
fabricated with a dense film of chirality-selected (6,5) SWNTs to serve as the emitter. Se-
lecting a single chirality via shear-force mixing187 and ultra-centrifugation was essential
to provide a material with a defined exciton energy. The absorption and photolumi-
nescence spectrum of the (6,5) SWNT emitter layer revealed an excitonic S1 absorption
peak at 1.246 eV (995 nm) and PL emission peak at 1.234 eV (1005 nm) (Figure 8.1b). A
simple picture of strong coupling describes the periodic re-absorption of a photon by
exciton before polariton emission and leaving the cavity.170 Therefore, the absorption
peak is more relevant and the exciton energy EX refers to absorption. Consequently,
the (inhomogeneously broadened) excitonic full linewidth 2 · h¯ΓX = 51meV was directly
obtained from the FWHM of the absorption spectrum (Figure 8.1b).
(a) (b)
Figure 8.2.: AFM topography image of the (a) rough 33 nm thick and (b) smooth 19 nm thick
SWNT film.
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Two generations of c-LEFETs were fabricated: one with a rough and the second with
a smooth SWNT film (Figure 8.2). The rough 33± 8 nm SWNT film contained 59wt%
SWNTs, exhibited an absorbance of 0.26 and a PL quantum yield (PL QY) of 0.17%. The
smooth film is treated in detail in Section 8.3.1. Table 8.1 gives an overview of all SWNT
c-LEFETs with their corresponding layers. All of them employed an 11 nm PMMA and
61 nm HfOx hybrid dielectric. From an electrical point of view, (6,5) SWNTs possess
several advantageous properties for supplying high currents: high mobilities, good
chemical stability to prevent degradation and reasonably high thermal conductivity to
distribute the Joule heat. An analogous reference LEFET to the c-LEFETs was fabricated
with the same rough SWNT film and AlOx spacer layer, but without the bottom mirror.
Compared to the PL spectrum of the SWNT film, the EL spectrum of the uncoupled
reference LEFET showed significant energy transfer to the residual SWNTs with smaller
bandgaps148 and trion emission (Figure 8.1b). Both EL and PL spectra featured a phonon
sideband around 140meV below the emission peak.
Table 8.1.: Parameters for all (6,5) SWNT cavity-LEFETs. The top row describes an uncou-
pled cavity reference without SWNTs, but 13 nm PFO-BPy layer. * describes the reference
without cavity, i.e. without bottom mirror. For positive detuning the Rabi splitting is not
defined "n.d.". All cavities have a 11 nm PMMA and 61 nm HfOx layer.
AlOx SWNT Detuning LP Rabi Splitting Effective
spacer ∆ = EC − EX ELP − EX h¯Ω refractive index
thickness TE TM TE TE TM TE TM
(nm) (nm) (meV) (meV) (meV) (meV) (meV)
155 (PFO-BPy) 1 2 - - - 1.96 2.53
155* 33 - - - - - - -
155 33 -73 -73 -113 127 133 1.96 2.53
285 33 -332 -334 -347 126 151 1.96 2.53
130 19 +54 +54 -21 n.d. n.d. 1.96 2.53
170 19 -72 -73 -81 48 39 1.96 2.53
190 19 -74 -67 -83 50 55 1.96 2.53
220 19 -122 -124 -128 42 37 1.96 2.53
250 19 -170 - -178 87 - 1.96 2.53
250 19 -273 -265 -282 175 227 1.96 2.53
310 19 -439 -439 -440 330 362 1.96 2.53
8.3.1. Spectral Dispersion of Exciton-Polaritons in SWNTs
In contrast to the dispersionless excitonic PL and EL emission of (6,5) SWNTs, the
spectral properties of the Fabry-Pérot microcavity are strongly angle-dependent. The
angle-resolved reflectivity and emission were measured in a Fourier imaging setup
(Chapter 3.4.6). The pure cavity mode (CM) was investigated for a reference sample
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where the SWNT emitter layer was replaced with a non-emitting 13 nm PFO-BPy
polymer layer. PFO-BPy was chosen because of its presence in the SWNT film as the
residual wrapping polymer from SWNT purification. The reference sample’s angle-
resolved reflectivity spectrum (Figure 8.4a) shows the uncoupled cavity mode with a
minimum energy of EC = 1.248 eV and a FWHM of 2 · h¯ΓC = 44meV, yielding a quality
factor of Q = 28 (Equation 2.45). Fitting the dispersion of the CMwith the near-parabolic
EC(θ) (Equation 2.44) gave the effective refractive index for the entire LEFET stack
embedded in the cavity, i.e., for TE polarization neff,TE = 1.96 and for TM neff,TM = 2.53.
In order to gain insight into the light-matter interaction between excitons and photons,
a c-LEFET with a 155 nm thick AlOx spacer layer and the rough 33± 8 nm SWNT film
was investigated. Angle-resolved reflectivity, PL and EL spectra were recorded in the
channel area of the c-LEFET. The reflectivity spectrum in Figure 8.3a neither showed
absorption of the dispersionless exciton (X), which would be the case if the cavity was
not coupled to the emitter, nor absorption following the cavity mode (CM), which
would be the case for weak coupling. Instead two anticrossing branches were present:
the upper polariton branch (UP) above the exciton mode EX and the lower polariton
branch (LP) below the expected cavity mode and −113meV below EX. These branches
indicated strong light-matter hybridization of the excitonic states of the SWNT emitter
material and the photonic mode of the microcavity and therefore the formation of
exciton-polaritons in the c-LEFET. A Rabi splitting of h¯Ω= 125meV was obtained. The
branches could be fitted with Equation 2.48 of the coupled oscillator model (COM).
Since the constants h¯ΓC and neff are a property of the cavity mode, they were extracted
from the fit in Figure 8.4a, as mentioned above. The constants EX and h¯ΓX are purely
excitonic properties and extracted from Figure 8.1b. This left only the minimum of the
cavity mode EC (hence the detuning ∆ = EC− EX) and the coupling potential VA (hence
the Rabi splitting h¯Ω) as fitting parameters.
From fitting the coupled oscillator model to the angle-resolved reflectivity spectrum,
a Rabi splitting of h¯Ω=127meV (10.2% of EX, TE polarization) was obtained at the
intersection point of the X and CM branches, i.e., the anticrossing point of the LP and
UP branch. This placed the light-matter hybridization in the c-LEFET well into the
strong coupling regime. Strong coupling would be reached above h¯Ω= 23meV, which
was calculated from the homogeneous broadening of the exciton h¯ΓX, hom ≈ 0.4meV (ex-
tracted from the photoluminescence lifetime in polymer-matrix embedded SWNTs)164
and the cavity’s spectral half linewidth h¯ΓC that define their respective damping
rates (Equation 2.50). However, the inhomogeneous broadening of the exciton mode
(h¯ΓX =25.5meV) increased the required Rabi splitting to h¯Ω=47.5meV for a clear dis-
tinction between the inhomogeneously broadened LP and UP branch402. The Rabi
splitting of 127meV in Figure 8.3a exceeded this value by far. Clearly, strongly coupled
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(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
Figure 8.3.: Exciton polaritons in a c-LEFET with ELP − EX =−113meV and a rough SWNT
film. Angle-resolved (a,e) reflectivity , (b,f) PL and (c,g) EL spectra under (a-c) TE and
(e-g) TM polarization. The experimental data (contour plot) was fitted with the COM (white
and black lines, UP upper polariton, LP lower polariton, X exciton energy, CM cavity mode,
∆ detuning, h¯Ω Rabi splitting). The photon and exciton fractions of the UP and LP for (d) TE
and (h) TM polarization were derived from the model. PL excitation at 630 nm. EL current
density 600A · cm−2. Adapted from Graf et al. with permission by Nature.56
exciton-polaritons must have been present in the c-LEFET as a result of the large oscilla-
tor strength of SWNTs. From the model’s cavity mode in the c-LEFET, a detuning of
∆=−73meV was derived.
In analogy to TE polarization, strong coupling was also revealed by the TM polarized
signal (Figure 8.3b), with a similar Rabi splitting of h¯Ω=133meV (Table 8.1). Differ-
ences in the angle-dependence of the cavity mode resulted from in the fact that TE
polarization represents dipoles lying in the substrate plane (perpendicular to the slit),
while the dipoles contributing to the TM polarized signal have an out-of-plane orienta-
tion that depends on the detection angle (Figure 2.7b). As the measured dipoles interact
with more dielectric material at higher angles at TM polarization, the value of neff,TM
exceeded neff,TE and the TM polarized cavity modes in Figures 8.3 and 8.4a had a lower
curvature. Hence, the TE polarized signal suits the planar geometry of the microcavity
better than the TM signal and will be in the focus of further evaluation.
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Under optical excitation, the c-LEFET emitted solely from the lower polariton branch, as
shown in the angle-resolved photoluminescence spectrum (Figures 8.3c, 8.3d). As the
PL followed the dispersion of the LP branch in the reflectivity spectrum, the emission
resulted purely from exciton-polaritons. The absence of a dispersionless excitonic
emission peak suggests that every exciton coupled strongly with cavity mode.
The presence of the cavity did not affect the ambipolar charge injection and recombi-
nation in the LEFET. This enabled electrical pumping of excitons in a narrow emission
zone. The charge transport properties of the c-LEFETs are detailed in Section 8.3. In a
(c-)LEFET, the number of recombination events per unit of time for (strongly coupled)
emission is equal to the number of injected charge carriers per unit of time, thus the
pump rate was easily calculated from the current density (Equation 2.9). The highest
current density in the SWNT c-LEFETs (18 600A · cm−2) resulted in a pump rate of
P= 1 · 1027 s−1 · cm−3, which exceeded the pump rates in cavity OLEDs by 104.23,394,396
Thus in combination with high-mobility emitters, LEFETs might be a more promising
platform for polariton pumping than OLEDs.
More importantly, the presence of two polariton branches, Rabi splitting and strong cou-
pling in the PL emission applied equally to the EL spectrum of the c-LEFET (Figures 8.3e,
8.3f). As the angle-dependent linewidth was equal for the EL and PL spectra, a broad-
ening due to the more confined origin of emission (1 µm wide recombination zone,
emitting into a ≈ 9° range of angles) could be excluded. The combination of a light-
emitting transistor with a microcavity was indeed a suitable platform for electrically
pumped exciton-polaritons. Moreover, 50% of the polaritonic EL emission was emitted
within an angle of ±20° normal to the substrate, which indicated the absence of a relax-
ation bottleneck and hinted towards efficient relaxationb from the excitonic reservoir
into the polariton states around k = 0.
The COM also produced the exciton and photon fractions of the LP and UP branches
(Figures 8.3g,8.3h). As a result of the negative detuning in this c-LEFET, the LP branch
approached the cavity mode in forward direction (k = 0), hence it was mainly photonic,
while the excitonic character dominated at high angles beyond the anticrossing. The
inverse applied to the UP branch. Since the emission occured only from the LP branch
within an angle of ±20°, the strongly photonic character was beneficial to maximize the
radiative efficiency of the c-LEFET, as only photons exited the cavity. Still, the significant
bThe terms "scattering" and "relaxation" are often used interchangeably in the literature discussing exciton-
polaritons. Here, the term "relaxation" is used to describe the transition from the exciton reservoir to
the LP branch minimum, either directly at k = 0 or indirectly with a change in angular momentum, i.e.,
along the LP branch. Here, the term "scattering" describes the process that precedes indirect relaxation
and provides the change in k. The phenomenon of a strong emission signal of the LP branch at k 6= 0 is
called a relaxation bottleneck, here.
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exciton fraction (here more than 25%) enabled bottleneck-free relaxation of the excitons
into polariton states.
A second c-LEFET with the rough SWNT film was on purpose strongly detuned from
the excitonic resonance by increasing the spacer layer from 155 nm to 285 nm. Its angle-
resolved reflectivity and EL spectra had a parabolic shape, hence they were dominated
by the cavity mode (Figure 8.4b). The parabolic EL emission showed a clear relaxation
bottleneck probably as a result of the low excitonic character of the exciton-polaritons.
The upper polariton signal was shifted beyond the detection range of the system. The
Rabi splitting must be regarded as an approximation and weak coupling cannot be
excluded. Hence, one can tailor the polariton emission by tuning the cavity resonance,
as detailed in Chapter 8.3.2.
(a) (b) (c) (d)
Figure 8.4.: Reference and improved c-LEFETs. (a) Angle-resolved reflectivity spectra (TE
and TM) of the reference cavity without (6,5) SWNT emitter but with a 13 nm PFO-BPy
layer. (b) Angle-resolved reflectivity (R) and EL spectra (TE polarization) of a c-LEFET with
a rough SWNT film and a high ELP − EX =−347meV. (c) Comparing the EL spectrum (TE)
of the c-LEFET with a rough SWNT film and a detuning ∆ of −73meV (same as 8.3e) to
an improved c-LEFET with a smooth SWNT film and ∆=−74meV (same as 8.5c). (d) The
normalized occupancy along the LP branch versus energy.
Besides the mixed photonic-excitonic character, the high density of the SWNTs and the
centered position of the film in the cavity were likely to be responsible for the absence
of a relaxation bottleneck. An optical cavity with very similar detuning (∆=−70meV)
and equal Rabi splitting but with a much lower SWNT density in a PFO-BPy matrix
displayed a clear bottleneck in the LP branch and a significant part of the angle-resolved
PL was detected from angles higher than 30°.56,387 In such a low-concentration film the
excitons apparently could not relax efficiently directly from their reservoir into the LP
minimum nor along the LP branch. A possible reason for this effect might be the strong
dependence of the nonradiative intertube energy transfer on the intertube-distance.148
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As visible in the AFM images in Figure 8.2, the 33± 8 nm thick SWNT film had a
high surface roughness of RMS= 21.4 nm. A lower roughness would be beneficial as it
would reduce local variations of the cavity resonance, leading to higher quality polariton
emission (i.e. longer lifetime polaritons). Hence a second generation of c-LEFETs with
a thinner and smoother SWNT film of 19± 3 nm thickness and 4.1 nm roughness was
fabricated, containing 39wt% SWNTs (absorbance of 0.08, Figure 8.2b).
The same polaritonic features as for the the 33 nm SWNT c-LEFET (Figure 8.3e) appeared
for the second generation c-LEFET with the same detuning (Figure 8.4c). Due to the
thinner SWNT layer, the number of coupling dipoles was reduced and the Rabi splitting
was decreased from 127meV to 50meV, but remained in the strong coupling regime.
As expected for a smoother SWNT film, the FWHM of the EL emission decreased from
54meV to 32meV, increasing the estimated polariton lifetime from τLP =12 fs to 20 fs
and exceeded the cavity photon lifetime of τcav = 15 fs. Additionally, the smooth SWNT
film exhibited a higher QY of 0.28% compared to the rough film with QY = 0.17%, and
a higher photon fraction at k =0 (smooth: 90% versus rough: 72%) due to the reduced
coupling strength.
When comparing the EL spectra, the emission intensity of the smooth SWNT c-LEFET
appeared to be higher at smaller angles, i.e. the emission would be more prominent
in forward direction. This emission dispersion would indicate a more efficient ther-
malization of polaritons towards k=0. However, for a fair judgment of the polariton
relaxation one should not consider the measured EL intensity but the polariton occu-
pancy. Since the photon fraction of the polaritons mainly provides the emission, the EL
intensity should be normalized by the photon fraction for every energy state to give a
true representation of the number of occupied polariton states.403
Figure 8.4d indeed reveals a higher occupancy of the lower energy states for the smooth
SWNT c-LEFET. Hence, the excitons relaxed more efficiently from the exciton reservoir
into the LP branch in the smooth SWNT c-LEFET than in the rough film. The current
density of both measurements was almost equal (Jd =580A · cm−2 for the rough c-
LEFET, Jd =660A · cm−2 for the smooth c-LEFET), so an impact of the current on the
occupancy could be excluded. The occupancy, quantum yield, photon fraction and
lifetime also will be taken into consideration when discussing factors for the external
quantum efficiency of the c-LEFETs in Section 8.5.
The occupancy follows an exponential decay versus energy IILP,min = exp(− EkB·T ) for both
c-LEFETs (straight lines in Figure 8.4d), indicating a Boltzmann distribution and ther-
malization of the polaritons with an effective polariton temperature T =408K (rough
SWNT film) and T = 916K (smooth SWNT film). In essence, the energetic distribution
of the polaritons along the LP branch after relaxation is only determined by thermody-
namic statistics and not by a relaxation bottleneck. The origin for this advantageous
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(a) (b) (c) (d)
(e) (f) (g) (h)
(i) (j) (k)
(l) (m) (n)
Figure 8.5.: A series of c-LEFETs with a smooth SWNT film. Angle-resolved reflectivity
and EL spectra in TE polarization with increasing ELP − EX from (a) −21 eV, (b) −81 eV,
(c) −83 eV, (d) −128 eV, (i) −178 eV, (j) −282 eV to (k) −440 eV. (e-h,l-n) The corresponding
photon and exciton fraction of the LP branch.
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behavior may lie in the high exciton relaxation rates (≈ 40 fs) in SWNTs due to strong
exciton-phonon interactions.393 The unique one-dimensionality of the excitons and the
low energetic disorder in monochiral SWNT samples might further support efficient
relaxation via exciton-exciton scattering404 and result in strong non-linearities,405 which
are usually only associated with Wannier-Mott excitons in inorganic materials. As
with the rough SWNT film, the energetic position of the cavity will however affect the
thermalization of the exciton-polaritons in the smooth SWNT c-LEFET, which could be
investigated by systematic cavity detuning.
8.3.2. Tuned Emission Spectra
By tuning the thickness of the AlOx spacer layer, the cavity resonance was shifted
without affecting the charge transport in the c-LEFET. Spectrally, this tuning was rep-
resented by the shift of LP minimum ELP − EX as a result of the cavity mode detun-
ing ∆ = EC − EX. Several c-LEFETs with the smooth SWNT layer were fabricated
(Figure 8.5), spanning a large range of detuning values (see Table 8.1).
At low detuning, these cavities clearly displayed strong coupling,c just as the c-LEFETs
with a rough SWNT layer. The UP branch was clearly visible in the angle-resolved
reflectivity spectra for these samples. However, increasingly negative detuning shifted
the UP branch beyond the detection limit of the InGaAs camera. Hence, the spectra
did not show a clear anticrossing between UP and LP branch and the increasing Rabi
splitting in Table 8.1 for ELP − EX≥−178meV should be regarded as a upper limit.
Larger negative detuning increased the photonic fraction of the exciton-polaritons up to
the point of purely photonic character, where the LP branch matched the cavity mode
(Figure 8.5k). Consequently, the emission in the angle-resolved EL spectra changed
from being directional within ±20° to being spread along the entire LP branch. In this
extreme case, even higher order resonances appeared in the emission spectrum. In the
opposite case of positive detuning, the polariton emission was almost entirely excitonic
and even more directed in forward direction (Figure 8.5a). However, the energetic
distribution of the polaritons and their spectral bandwidth was comparably large
(ELP − EX =−21meV in Figure 8.6), similar to the uncoupled emission (Figure 8.1b). A
small negative detuning presented an optimum for the formation of exciton-polaritons
in (6,5) SWNTs.
The key point of tuning the cavity resonance was the modification of the exciton-
polariton’s emission wavelength. The increasing distance of the LP branch minimum
from the exciton between ELP− EX =−21meV and−440meV correlatedwith increasing
(negative) detuning ∆ = EC − EX from 54meV to −439meV (Table 8.1). Figure 8.6
cAs TE and TM polarization showed qualitatively the same phenomena, only TE will be discussed.
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Figure 8.6.: Tunability of polariton emission in (6,5) SWNT c-LEFETs. EL emission spectra
in forward direction for various ELP − EX, extracted from Figures 8.3, 8.4b and 8.5.
shows the EL emission in forward direction and emphasizes that the electrically pumped
emission of a narrow linewidth emitter was easily tuned by the integration into a
microcavity, covering a spectral range from 1060 nm to 1530 nm without any chemical
modification. Thus, the concept of a cavity-LEFET represents an alternative to the
concept of plasmonic crystals for spectral tuning and opens the path to use one emitter
material in an optical circuit with different resonances. Most importantly, this effect
removes the need to develop large quantity selection routines for other chiralities than
(6,5) SWNTs, which can be produced in exceptionally large quantities via shear-force
mixing.187
8.3.3. Tailored Coupling Strength
Not only the spectral position of the EL emission could be tuned in a c-LEFET, also
the coupling strength could be reversibly tailored from strong to weak by driving
the transistor in the unipolar regime at low Vd instead of the ambipolar regime for
charge recombination. Charges were accumulated in the emitter layer at the dielectric
interface with increasing gate voltage Vg at minimal drain current. This tailoring
mechanism exploited the ground state bleaching of the S1 transition.95,406 The total
oscillator strength of the layer was reduced. With an increasing (negative) gate voltage
and charge (hole) accumulation, the number of available absorbing and emitting dipoles
was continuously reduced (Figure 8.7d).
The angle-resolved reflectivity spectra showed that the Rabi splitting decreases continu-
ously for increasing gate voltages until it completely vanished at higher Vg, e.g., −17V
(Figure 8.7a). Cross-sections at the Rabi splitting angle of 29° showed a modulation
by more than 15meV and emphasized that the weak coupling regime was reached
(Figure 8.7b). As the c-LEFET was tuned towards weak coupling, the PL emission
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increasingly followed the cavity mode branch, indicating a loss of excitonic properties
(Figure 8.7c). At the same time, the PL intensity dropped significantly with the number
of emissive SWNTs (unipolar PL quenching). This effect enabled fine-tuning of the
emission at k = 0 by up to 7meV via the applied gate voltage.
(a)
(b)
(c)
(d)
(e)
Figure 8.7.: Tuning of the coupling strength by charge accumulation in a (6,5) SWNT c-
LEFET (ELP − EX =−81meV). (a) The reflectivity spectra at EC = EX (29° emission angle),
being a vertical cross section from the full (b) angle-resolved reflectivity spectra at four
different gate voltages Vg. (c) The corresponding PL spectra. (d) Schematic charging of the
emitter layer with increasing Vg. (e) The Rabi splitting h¯Ω (squared) versus Vg, along with
the corresponding unipolar transfer curve. The linear progression of the Rabi splitting at
lower Vg and the border between weak and strong coupling are indicated.
The Rabi splitting scales with the square root of the number of oscillators.376,407 In the
linear regime (Vth < Vg) the number of accumulated charges, i.e., bleached nanotubes,
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depends linearly on the gate voltage. Indeed, h¯Ω2 was proportional to Vg (Figure 8.7e).
At Vg <−10.6V (charge carrier density 1 · 1013 cm−2) the Rabi splitting disappeared
(weak coupling). The first subband of the SWNTs was filled at Vg ≥−15V and no
additional charge carriers were accumulated. After turning off the bias, the original
coupling strength was restored.
In conclusion, the c-LEFET is not just a useful platform for high ambipolar current
densities for polariton pumping, but also can be used as a tool to investigate fundamen-
tal parameters of strong coupling. By varying the charge carrier density and thus the
oscillator strength of the nanotube film, the coupling strength and polariton relaxation
could be tuned.
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8.4. Electrically Pumped Ultrastrong Coupling in
High-Mobility Polymers
In contrast to SWNTs, the high-mobility polymer DPPT-BT exhibited much broader
absorption and emission (Figure 8.1c), with the maximum absorption at EX =1.31 eV
(λ=945 nm) and emission at E=1.18 eV (λ=1050 nm). The DPPT-BT’s Stokes shift of
130meVwas fairly large, as expected for disordered conjugated polymers. The emission
spectra revealed a vibronic shoulder about 100meV below the emission maximum. The
PL matched the EL emission of the uncoupled reference transistor that was fabricated
with a spacer but without a bottom mirror. Its reflectivity and emission showed no
dispersive spectral features. As detailed in Chapter 5.6, the large absorption-emission
overlap may decrease the emission efficiency (PL QY=0.05%) by self-absorption. How-
ever, this self-absorption may be an advantage in a feedback structure, such as a
microcavity, leading to re-absorption of the uncoupled emission and feedback of this
energy into the polariton relaxation path. DPP-copolymers have been identified as
unusually strong absorbers,122 which is beneficial in photovoltaics.108,408 The transition
dipole moment is oriented along the polymer backbone and in-plane in a spin-coated
film of DPPT-BT,119 creating a strongly anisotropic refractive index (Figures 6.1a, 6.1b)
which will likely increase the coupling strength in a microcavity.
A series of five c-LEFETs was produced as described in Chapter 8.2, using a 30 nm Au
bottom mirror, AlOx spacer, 39 nm DPPT-BT emitter layer, 11 nm PMMA and 51nm
HfOx hybrid dielectric layer and a 60 nm Ag top mirror, with one exception. Details are
listed in Table 8.2.
Table 8.2.: Parameters for all DPPT-BT cavity-LEFETs. The top row describes an uncoupled
cavity reference with a 51 nm PMMA layer instead of DPPT-TT. * describes the reference
without cavity, i.e., without a bottom mirror. ** describes a c-LEFET with 60 nm DPPT-BT,
11 nm PMMA, 39 nm HfOx. All other cavities had a 39 nm DPPT-BT, 11 nm PMMA and
51nm HfOx layer.
AlOx DPPT-BT Detuning LP Coupling potential Effective
spacer ∆ = EC − EX ELP − EX VA refractive index
thickness TE TM TE TE TM TE TM
(nm) (nm) (meV) (meV) (meV) (meV) (meV)
140 (PMMA) -67 -68 - - - 2.33 3.09
140* 39 - - - - - - -
140 39 -7 -13 -162.7 314 308 2.03 2.45
435 39 132 143 -136.2 379 376 1.83 2.85
117 39 80 92 -116.4 314 308 1.55 2.37
98 60** 246 249 -105.1 386 380 1.85 2.86
390 39 186 179 -91.4 314 308 2.02 2.08
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8.4.1. Spectral Dispersion of Exciton-Polaritons in Polymers
At first, a reference sample provided information about the purely photonic part of
the c-LEFETs. From a cavity without DPPT-BT emitter, which was replaced by PMMA
(Figure 8.8a), an effective refractive index of 2.33 was deduced by fitting the cavity
mode. A quality factor of Q = 40 was calculated from the FWHM (32.5meV, τcav = 21 fs)
according to Equation 2.45. The slight increase in Q compared to the reference cavity of
the SWNT sample was assigned to the different thickness and roughness of the layers.
The angle-resolved reflectivity spectrum of a representative c-LEFET with DPPT-BT
(Figure 8.8d) matched the strong-coupling scheme described for SWNT c-LEFETs in
Section 8.3.1: Two curved branches appeared, the upper (UP) and lower polariton (LP,
τLP =12ps), that could be fitted by a coupled-oscillator model via coupling the non-
dispersed absorbing exciton (X) to the parabolic cavity mode (CM, Equation 2.44). The
latter was positively detuned to ∆= 80meV, whereas the LP minimum was still located
significantly below the exciton at ELP − EX =−116meV. As a result of the position of
the exciton at E=1.31 eV being very close to the detection limit of the InGaAs-camera
(< 1.35 eV), a second CCD-camera was required to record the UP branch in the visible
range (> 1.35 eV), as described in Chapter 3.4.6. The broad linewidth of the UP branch
originated in the decreasing reflectivity of the Au mirror below 800 nm. The spectra in
TM polarization matched the ones in TE-modes with slightly different parameters, as
listed in Table 8.2.
Due to the positive detuning ∆ of the cavity, the Rabi splitting is not defined. Instead
the coupling potential VA describes the coupling strength (Table 8.2). For the c-LEFET
with ELP − EX =−116meV a coupling strength of 314meV corresponding to 24% of
the exciton energy placed it in the ultrastrong coupling (USC, VAEX > 20%) regime. As a
characteristic feature of USC regime the excitonic fraction did not change significantly
with increasing angles, e.g., 61% at 0° versus 86% at 50° (Figure 8.8i). Note, that strictly
speaking a simple coupled oscillator model cannot be used anymore to fit the modes in
the ultrastrong coupling regime.
EL and PL in this c-LEFET were only detected from the LP branch, hence the entire
emitter layer was coupled to the cavity. The feedback structure of the microcavities
mitigated the difference in excitation volume between PL (entire emitter layer) and EL
(top 2 nm). As the EL spectrum was averaged over multiple transistor channels with
slight variations in cavity thickness from a 400 · 400 µm2 field of view, it slightly deviated
from the reflectivity signal, which was collected from a 1µm2 spot. For the same reason,
the FWHM of the EL was larger than the linewidth of the PL (ELP − EX =−116meV
in Table 8.3). From the roughness of the individual layers, the homogeneity of the
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(a)
(b) (c)
(d)
(e)
(f)
(g) (h) (i) (j) (k)
Figure 8.8.: Exciton-polaritons in c-LEFETs with the high-mobility polymer DPPT-BT.
(a) Angle-resolved reflectivity spectra (TE and TM polarization) of the reference cavity with
a 51 nm PMMA layer instead of DPPT-BT (−67meV detuning). (b-f) Angle-resolved reflec-
tivity and EL or PL spectra (TE) with decreasing ELP− EX from (b)−163meV, (c)−136meV,
(d) −116meV, (e) −105meV to (f) −91meV. (g-k) The corresponding exciton and photon
fractions of the LP branch. EL current density 500A · cm−2.
multilayer stack and thus cavity thickness could be estimated across the field of view to
be within ± 6.4 nm, i.e., ± 3% of a 218 nm stack.
Using the applied current density of 500A · cm−2 and the maximum emission zone
width of 1.1 µm one can estimate a pump rate P of 3 · 1025 s−1 · cm−3 (Equation 2.9). Still
a 33-fold below the pump rate of CNTs, this value exceeded the pump rates in cavity
OLEDs by more than two orders of magnitude.23,394,396 This highlights the ability of
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high-mobility donor-acceptor polymers to create electrically pumped strong coupling
and exciton-polaritons.
8.4.2. Tuned Emission Peaks and Narrow Linewidth
The controlled variation of the the AlOx spacer layer thickness enables changing the
detuning ∆ and the LP minimum ELP − EX. The COM predicts a linear dependence
between ∆ and ELP − EX for large negative detuning, assuming a constant effective re-
fractive index and coupling potential (Figure 8.10a). However, for positive detuning the
relation should become superlinear as the LP branch barely changes with increasingly
positive ∆.
Four other positively detuned c-LEFETs were prepared with different spacer thicknesses
(Table 8.2). Experimentally, the change in ELP − EX did not correlate directly with the
spacer thickness and positive detuning, as higher order cavity modes started to couple
at highly positive detuning, along with changes in the coupling strength. Therefore
ELP − EX was more relevant than ∆ to describe the exciton-polariton properties.
The emission spectrum minima of the five c-LEFETs with DPPT-BT varied from ELP −
EX =−163meV to −91meV (Figure 8.8). All of them showed ultrastrong coupling,
matching reflectivity and emission spectra and emission exclusively from the LP branch.
For samples with ELP− EX =−105meV and−91meV the electroluminescence efficiency
(Figure 8.13a) was too low to detect EL by angle-resolved spectroscopy, hence only
photoluminescence spectra are shown. The UP branch was only recorded for the
samples with the LP branch minimum at ELP− EX =−116meV and−105meV. Without
the UP branch however, one fitting parameter was missing for the COM. As the effective
refractive index appeared to vary more than the coupling strength in the ultrastrong
coupling regime,192 the latter was fixed in favor of adjusting the former (Table 8.2).
However, for the c-LEFET with ELP − EX =−105meV the coupling strength could be
reliably extracted and amounted to the highest value in this study with 386meV, i.e.,
30% of the exciton energy.
The emission wavelength in forward direction was tuned with ELP by the spacer thick-
ness (Figure 8.9a). The c-LEFETs covered a spectral range between 1.147 eV and 1.219 eV
(1081 nm to 1017 nm). With increasing ELP − EX the linewidth decreased from 50meV
to 30meV (Figure 8.9a, Table 8.3) due to the higher photonic character of the red-shifted
LP (Figures 8.8g to 8.8k). Figure 8.9b emphasizes the systematic red-shift of ELP − EX
while a small color shift of the emission was maintained. Obviously, the emission could
be further red-shifted by larger negative detuning ∆. However, this would cause a
stronger color shift, as further discussed in Section 8.4.3.
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(a) (b) (c)
Figure 8.9.: Spectral tuning and narrowing in DPPT-BT c-LEFETs. (a) EL emission spectra
in forward direction for ELP − EX =−163meV to −91meV. Lorentz fits were inserted for
clarity. (b) COM fits of the corresponding LP branches. (c) PL and EL emission spectra in
forward direction for ELP − EX =−116meV compared to the uncoupled EL spectrum.
The uncoupled emission spectrum of DPPT-BT, as with most polymer emitters, is much
broader (FWHM ≈ 310 nm or 346meV) than the very narrow emission spectrum of
SWNTs (FWHM ≈ 34 nm or 42meV). The emission spectrum of DPPT-BT could be
significantly narrowed by strong coupling and relaxation into an energetically narrow
LP state. Figure 8.9c shows the spectral narrowing by a factor of 6.5 when comparing
the LP emission (ELP − EX =−116meV) to the uncoupled emission. Further decreasing
of ELP narrowed the emission spectrum even below the FWHM of the non-emitting
reference cavity because of the increasingly photonic properties (Table 8.3). For higher
ELP the emission linewidth remained equally narrow despite the mainly excitonic
emission. The narrow emission linewidth of polaritons compared to pure excitons was
a result of their photonic portion and thermalized occupancy. The hybrid excitonic-
photonic character of exciton-polaritons opens multiple options for tuning the spectral
position and linewidth of otherwise broadband emitters.
8.4.3. Minimized Color Shift
Usually Fabry-Pérot cavities exhibit a significant angular color shift that is undesired
for display applications,383 as in the case for the negatively detuned SWNT c-LEFETs in
the previous section. The COM predicted a large color shift for high negative detuning
(Figure 8.10a), especially within the first ± 20°, which was caused by the photonic
character of the LP branch. Upon further positive detuning, the color shift on ELP − EX
linearly decreased with ELP − EX.
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(a) (b) (c) (d)
Figure 8.10.: Angle-dependent color shift in DPPT-BT c-LEFETs. (a) COM simulated color
shift versus detuning ∆ and ELP − EX (constant VA and neff). (b,c) Cross sections of the angle-
resolved (b) reflectivity and (c) EL emission spectra (TE, ELP − EX =−116meV). (d) EL
emission color shift at +40° for the different c-LEFETs. Experimental, as-fit and as-simulated
data by the COM. Simulation parameters from the fit of the ELP − EX =−116meV sample.
Table 8.3.: Color shift ∆E0 of differently tuned DPPT-BT c-LEFETs. Energy position and
FWHM from a Lorentz fit of lower polariton emission at different emission angles (averaged
over a range of ±1.5°) compared to uncoupled EL emission and PL lower polariton (PL LP)
at 0° emission angle.
ELP − EX = ELP − EX = ELP − EX = ELP − EX =
−163meV −136meV −116meV −105meV
EL LP EL LP PL LP EL LP PL LP
0° +40° 0° +40° 0° 0° +40° 0° +40°
E0 (eV) 1.145 1.178 1.167 1.206 1.202 1.203 1.213 1.210 1.222
∆E0 (meV) - 33 - 39 - - 10 - 12
FWHM (meV) 23.6 33.7 19.6 29.6 49 54.7 78.5 45.6 44.4
ELP − EX = no DPPT-BT un-
−91meV ∆=−67meV coupled
PL LP Reflectivity C EL
0° +40° 0° +40°
E0 (eV) 1.226 1.235 1.240 1.301 1.200
∆E0 (meV) - 9 - 62 -
FWHM (meV) 49.2 60.8 32.5 33.6 360
Positive detuning and ultrastrong coupling in c-LEFETs with DPPT-BT produced a
nearly constant LP energy for reflectivity (Figure 8.10b) and emission (Figure 8.10c)
within ± 40°. The color shift ∆E0 from 0° to +40° was reduced to merely 10meV (ELP −
EX =−91meV to −116meV) (Table 8.3). Lower ELP and further negative detuning
increased the dispersive photonic properties of the LP and the color shift to 39meV,
approaching the uncoupled reference cavity with ∆E0 =62meV. The experimental
data of the color shift did not follow the simulation of the COM (Figure 8.10d), which
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could be attributed to the limits of this model in describing ultrastrong coupling. The
minimized angular color shift of the emission is a particular advantage of ultrastrong
coupling combined with a high exciton fraction of the LP and could be a useful feature
for displays and optoelectronic circuits.
8.5. Polariton Pumping in Carbon Nanotubes and
Polymers
The previous sections described how systematic positive and negative detuning of a
strongly coupled cavity affects the position of the lower polariton minimum and the
coupling strength, enabling control over the emission peak position, linewidth and
angular color shift. Furthermore, systematic detuning of the cavity from the exciton
will affect the efficiency of the exciton-polariton coupling and resulting emission. In the
extreme case, a completely detuned cavity would lead to no coupling and the emission
spectrum would be unaffected by the cavity. The mirrors would block part of the
emission and decrease the EL efficiency below a simple LEFET. In the strong coupling
case, measuring the external quantum efficiency (EQE) of the polaritonic EL emission
for different detuning will give insight into the relaxation mechanism from the assumed
excitonic reservoir to the polaritons. Even though (6,5) SWNTs and DPPT-BT polymer
have very different photophysical properties, the assumption of a exciton relaxation
mechanism from a reservoir into the lower polariton branch minimummotivates further
investigation.
Before inspecting the EQE across a larger current density range, possible effects on
the polaritons should be investigated. Comparing the angle-resolved EL of SWNT
c-LEFETs at low and high current densities (138-19 000A · cm−2) revealed identical
spectra (Figure 8.11a). No sign of a relaxation bottleneck appeared even at high pump-
ing rates. The polariton lifetime decreased insignificantly from 15ps to 14 ps. The
Rabi splitting, as extracted from the corresponding reflectivity spectra (Figure 8.11b),
decreased slightly from 51meV to 42meV across the 2.5 orders of magnitude in cur-
rent density, presumably due to some ground state bleaching. No significant spectral
changes were observed and strong coupling was preserved for the entire current density
range in the EQEmeasurements. As expected for an increasing number of charge carrier
recombination events, the polariton emission along the LP branch expanded towards
higher angles and energy. Figure 8.11c reveals that the occupancy of the polariton
states along the LP branch increased drastically with increasing current, as higher states
become occupied when distributing the larger number of polaritons. Still, the Boltz-
mann relationship, even at high current densities, indicated a thermalized distribution
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of the occupied states. Despite the expected Joule heating during operation at such
high currents,409 the high thermal conductivity of SWNTs (3000W ·m−1 ·K−1),410 their
high charge carrier mobility and excellent thermal and photostability prevented device
degradation.
(a) (b) (c)
Figure 8.11.: Exciton-polaritons at high pump rates in a (6,5) SWNT c-LEFET (ELP −
EX =−81meV). (a) The angle-resolved EL spectra (TE polarization) at low (138A · cm−2)
and high (18 600A · cm−2) current densities . (b) The corresponding reflectivity spectrum at
29°, indicating the Rabi splitting. (c) Normalized occupancy with a linear fit along the LP
branch for increasing current densities.
The current density-dependence of the EQE for SWNT c-LEFETs (Figures 8.12a, 8.12b)
followed that of the reference LEFET without a bottom mirror: increasing efficiency
with increasing currents due to the filling of trap states, then a roll-off as a result of
increased quenching of the excitons by polarons, but also by other singlet excitons or
triplet excitons, as detailed in Chapter 5.6. The EQE roll-off was much clearer with
SWNT LEFETs than with the polymer LEFETs in Figure 5.8b or Figure 8.13a due to
the much higher current density. From this current dependent EQE, the maximum
EQE was extracted for each c-LEFET and plotted against the LP position ELP − EX
(Figure 8.12c). However, merely discussing the EQE of c-LEFETs neglects the differences
in photonic character between samples, having amajor impact on the radiative efficiency
(Equation 2.52, Chapter 2.10). Using parameters from literature (ηe,h,bal, ηX,S, τX,r), from
the measured angle-resolved spectra of c-LEFETs (α, β, ηout, τLP) and the reference
samples (QYX, EQEX) enabled a deconvolution of the relaxation efficiency ηX→LP from
the EQE (Figure 8.12d).
The EQE of the two SWNT c-LEFETs with a rough SWNT layer (ELP − EX =−113meV
and −347meV) stayed significantly below the reference LEFET, independent of the
current density (Figure 8.12a). As ηe,h,bal, ηX,S, ηX,nq and ηout in Equation 2.54 are the
same for the two c-LEFETS and the reference, the differences resulted from the radiative
efficiency of the polaritons ηLP,rad and ηX→LP. Because of the their photonic component
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(a) (b) (c) (d)
Figure 8.12.: External Quantum Efficiency (EQE) of SWNT c-LEFETs. (a) Current density
dependent EQE for the c-LEFETs with a rough SWNT layer (ELP − EX =−113meV and
−347meV), the uncoupled reference LEFET and the best-performing c-LEFETwith a smooth
SWNT layer (ELP − EX =−83meV). (b) Current density dependent EQE for all c-LEFETs
with a smooth SWNT layer (ELP− EX =−21meV to −440meV). The shaded area represents
the error bars. (c) maximum EQE and (d) relaxation efficiency ηX→LP versus ELP − EX for
all c-LEFETs. The SWNT film’s PL (grey) and Raman spectrum (black) are included in (d),
emphasizing the phonon sideband (p.s.) in the grey area and the Raman peaks in black
dashed lines. The Raman and PL spectrum are plotted against negative Raman shift −∆E
and E− EX, respectively.
these c-LEFETs exceeded the ηLP,rad of the reference by far (73% and 93% versus 1.71%,
respectively). In contrast, the very low relaxation efficiency ηX→LP (Figure 8.12d) of the
c-LEFETs (0.31% and 0.59% versus 100%, respectively) was likely responsible for the
higher EQE of the reference. Even though the EQE suggested that the strongly detuned
c-LEFET with ELP − EX =−347meV was much closer in efficiency to the reference than
the less detuned c-LEFET with ELP − EX =−113meV, the relaxation efficiency revealed
this to be mainly a result of the higher photonic component and thus higher radiative
efficiency due to the strong detuning.
Nevertheless, Figure 8.12a demonstrates that c-LEFETs do not intrinsically have a low
EQE: The effect of the SWNT layer could be deduced by comparing the c-LEFETs with
the rough SWNT layer and smooth SWNT layer (ELP− EX =−113meV versus−83meV)
with the same detuning (∆=−73meV versus −74meV, Figure 8.4c). The EQE of the
smooth c-LEFET exceeded the rough equivalent by a factor of 19, which can neither
be explained by the higher photonic character of the polaritons at k=0 (smooth: 90%
versus rough: 72%) nor by the 1.6-fold improvement in QY (0.28% versus rough: 0.17%).
Predominantly, the relaxation efficiency of the smooth c-LEFET (7.8%) reached the
25-fold of the rough c-LEFET (0.31%, Figure 8.12d). The 2-fold higher occupancy of the
smooth film supported this finding (Figure 8.4d).
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All of this could hint toward an increased nonradiative decay of polaritons in the
rough and dense SWNT film by increased bimolecular (polariton-polariton, polariton-
exciton) quenching caused by a higher SWNT density (rough: 59wt% versus smooth:
39wt% SWNTs). Alternatively, the rough layer could have created a rougher and less
homogeneous cavity by propagating the roughness to the top mirror, thus a lower
quality factor. An ideal SWNT layer would combine the higher density of the rough film
in order to promote stronger light-matter interaction (higher Rabi splitting) with the
lower roughness of the smooth film to maintain a higher cavity quality factor (higher
LP lifetime).
For all the c-LEFETs with a smooth SWNT layer, the achieved maximum EQE depended
strongly on the position of the lower polariton ELP − EX (Figure 8.12c). A sharp maxi-
mum of the EQE appeared at ELP − EX = 100-200meV. This maximum coincided with
the position of the phonon sideband, which was located about 140meV below the
S1-exciton and is related to phonon-assisted brightening of dark excitons.411 As almost
all SWNT c-LEFETs were strongly negatively detuned, their photon fraction exceeded
90%. Thus, ηLP,rad was basically constant and the relaxation efficiency followed the EQE
trend (Figure 8.12d). Therefore, this efficiency peak must be related to the relaxation
mechanism rather than photonic factors.
Relaxation may occur via nonradiative412 and radiative channels,401,403 depending
on the emitter material. A purely radiative pumping mechanism seemed unlikely, as
pumping from the main peak contradicts a decreasing ηX→LP 401 beyond 200meV and
as pumping from the phonon sideband is unlikely due to its comparably low intensity.
Instead, direct (keeping k = 0) and indirect (along the LP branch) nonradiative relaxation
paths might provide efficient transfer from the exciton reservoir into the LP minimum,
similar to other organic materials,413,414 with the aid of phonons that correspond to
the phonon-assisted exciton emission in the sideband. Figure 8.12d also displays a
Raman spectrum of (6,5) SWNTs, revealing the proximity of efficient relaxation at
ELP − EX =−128-−178meV to the defect induced D-phonon at 163meV (1312 cm−1).
Raman modes support polariton scattering413 and particularly the D-band is known to
be involved in exciton-phonon coupling.411 In order to increase the efficiency and to
approach polariton lasing, systematic detuning of the c-LEFET seems to be a promising
route rather than merely focusing on enhancement of the coupling strength. More data
on differently detuned cavities will be necessary to make conclusions about the role of
phonon resonances in the relaxation process.
Importantly, several smooth SWNT c-LEFETs exceeded the efficiency of the reference
LEFET by a factor of 2.5 at high currents and up to 4.5 at low currents. The higher QY of
the smooth SWNT film accounts only for a factor of 1.65. The low ηX→LP of only around
6-8% of the c-LEFETs (versus 100% for the reference) was outbalanced by the higher
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ηLP,rad of 90-97% (versus 1.7% for the reference) due to the photonic character of the
polaritons. Clearly, Figure 8.12 corroborates that the EQE of LEFETs can be significantly
improved by strong coupling in microcavities and exciton-polariton emission.
The EQE of the DPPT-BT c-LEFETs followed the general trend of the uncoupled ref-
erence (Figure 8.13a). The devices displayed no significant roll-off point at current
densities as high as 4000A · cm−2, before breakdown. The most efficient c-LEFET
(ELP − EX =−163meV) achieved 43% of the reference LEFET. Since the reference in-
cluded the same AlOx spacer layer and the bottom mirror of the c-LEFETs was more
than 100 nm away from the emission layer, additional optical losses from waveguiding
could be excluded. Previously, an inefficient population of the LP minimum, either
directly from the exciton reservoir or along the LP branch, was used to explain the
reduction of EQE in cavity OLEDs.23,398 However, no bottleneck is visible in the angle-
resolved EL spectra and a thermalized population of the LP states could be deduced
from the occupancy (Figure 8.13e), excluding an inefficient relaxation path itself. It can
be speculated that the initial scattering into the relaxation path might be inefficient,
which was previously described by the concept of "active" and "inactive" excitons.415
Also bimolecular polariton-polariton and polariton-exciton quenching173 may be more
prominent in DPPT-BT than in the SWNT c-LEFETs and reduce the EQE even before the
efficiency rolls off.
The EQE of the different c-LEFETs (e.g. at 750A · cm−2) steadily increased with in-
creasing ELP − EX (Figure 8.13b). This may in part be a result of an increased radiative
efficiency ηLP,rad from 24% to 51% (ELP − EX =−91meV to −163meV). However, the
trend remained for ηX→LP (Figure 8.13c). The increasing EQE might thus be connected
to more efficient relaxation paths with increasing ELP − EX.
The plot of ELP − EX on top of the emission spectrum shows a correlation of the rise in
ηX→LP to the vibronic shoulder of the spectrum at 1.08 eV (Figure 8.13d). The associated
ground state vibrational levels may assist radiative pumping.173 However, for an inef-
ficient emitter like DPPT-BT, is it less likely that the steady increase in efficiency with
ELP − EX indicates a radiative pumping mechanism, which was concluded for a molec-
ular dye in polymer matrix.401 Aside from that, the overlap of the ELP− EX =−163meV
sample with the Raman modes of DPPT-BT416 might create additional phonon-assisted
direct and indirect nonradiative relaxation paths (Figure 8.13d).412,414 Such phonon-
assisted scattering was previously observed andmodeled for a J-aggregate dye molecule
in a polymer matrix.413 The EQE will possibly be increased further upon matching
the cavity resonance with the main peaks of the DPPT-BT Raman spectrum that cor-
respond to vibrations of the thiophene, DPP and BT moeities at 169-187meV (1366-
1510 cm−1).416,417 Unfortunately, not many polymers have so far been investigated in
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(a) (b) (c)
(d) (e)
Figure 8.13.: External Quantum Efficiency (EQE) of DPPT-BT c-LEFETs. (a) Current density
dependent EQE for c-LEFETs with ELP − EX =−163meV to −91meV and the uncoupled
reference. The shaded area represents the error bars. (b) EQE at 750A · cm−2 and (c) relax-
ation efficiency ηX→LP versus ELP − EX for the c-LEFETs. (d) Location of the ELP − EX of the
c-LEFETs with respect to the uncoupled excitonic emission EEL, its vibronic shoulder (v.s.)
and absorption EX, and Raman shift-aided energy levels. For the latter a Raman spectrum of
DPPT-BT was inserted by plotting against EX − ∆ERaman. (e) The energy dependence of the
normalized occupancy along the LP branch (ELP − EX =−116meV). A linear fit provides
the effective polariton temperature.
microcavities,375,383,389,418,419 and none of these studies explored the emission efficiency
for comparison.
In conclusion, the trends of the EQE and relaxation efficiency versus ELP − EX revealed
that tuning c-LEFETs to vibrational features in the emission spectra (phonon sideband,
vibronic shoulder) seemed to improve the polariton relaxation. In addition, the EQE
could be increased by strong detuning and a large photonic character of the polaritons,
at the cost of an angular color shift. Creating a smooth emission layer enabled exceeding
the EQE of the uncoupled reference. Future investigations into the exact contributions
to the LP population mechanisms are required for a thorough understanding and
optimized polariton relaxation for potential polariton lasing.
8.6. Charge Transport and Strong Coupling
The possible impact on strong coupling on the carrier mobility in the cavity was dis-
cussed in the literature.337,420 Hence, the charge transport in c-LEFETs was investigated.
For each semiconductor a representative sample (DPPT-BT with ELP − EX =−163meV,
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SWNTs with ELP − EX =−113meV) was compared to an equivalent reference sam-
ple with the same spacer but without the bottom mirror. The transfer curves of the
c-LEFETs and reference sample showed nearly identical hysteresis-free ambipolar trans-
port (Figure 8.14a, 8.15a).
(a) (b) (c)
Figure 8.14.: Output and transfer characteristics of a (6,5) SWNT c-LEFET. (a) Transfer
curves for ELP − EX =−113meV and the reference without cavity. (b,c) Corresponding
output curves (channelW/L= 500, L= 20µm).
(a) (b) (c)
Figure 8.15.: Charge transport characteristics of the DPPT-BT c-LEFET with
ELP − EX =−163meV and the reference without cavity. (a) Transfer curves, (b,c) output
curves (channelW/L= 500, L= 20µm).
The output curves indicated a Schottky-injection barrier for DPPT-BT with identical
drain currents for LEFETs with the cavity and the reference (Figures 8.15b, 8.15c).
Hence, only the saturation regime was evaluated. The SWNT c-LEFET showed higher
currents than the reference due to a 1.7× higher capacitance. Both showed ohmic contact
resistance, hence mobilities from the linear regime were investigated (Figures 8.14b,
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(a) (b) (c) (d)
Figure 8.16.: Mobility and threshold voltage of (6,5) SWNT c-LEFETs. (a,b) Linear mobility
of (a) holes and (b) electrons of c-LEFETs with ELP − EX =−21meV to −440meV and the
reference LEFET. (c,d) Threshold voltage of (c) holes and (d) electrons.
8.14c). As the charge transport characteristics of the reference samples matched the
corresponding c-LEFETs, the electrically separated metallic bottom mirror did not act
as floating gate. The large thickness and thus low capacitance of the spacer layers
compared to the dielectric make an impact of the bottom mirror on charge injection or
transport even less likely.
(a) (b) (c) (d)
Figure 8.17.: Mobility and threshold voltage of DPPT-BT c-LEFETs. (a,b) Saturation mobility
of (a) holes and (b) electrons of c-LEFETs with ELP − EX =−91meV to −163meV and the
reference LEFET. (c,d) Threshold voltage of (c) holes and (d) electrons.
The key to high ambipolar current densities are the high and balanced hole and elec-
tron mobilities of DPPT-BT (µsat,h = 0.57 cm2 ·V−1 · s−1, µsat,e = 1.15 cm2 ·V−1 · s−1) and
SWNTs (µlin,h = 3.5 cm2 ·V−1 · s−1, µlin,e = 4.2 cm2 ·V−1 · s−1). The mobilities and thresh-
old voltages of several c-LEFETs with different detuning and a reference without cavity
for SWNTs and DPPT-BT are shown in Figures 8.16 and 8.17. For neither semiconduc-
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tor the mobilities or threshold voltages varied significantly between the c-LEFETs and
reference.
A recent study reported charge transport enhancement via strong coupling of a small
molecule semiconductor, based on hybridizing states with the vacuum field.337,420
Orgiu et al. described current variations that correlated with the tuning of the plasmonic
cavity, but did not extract mobilities. In contrast to this study, the results here indicate
no effect on the charge transport and charge injection by strong coupling or ultrastrong
coupling in the c-LEFETs .
In addition, low temperature charge transport measurements were conducted with
DPPT-BT to extract activation energies that might enable more insight. The trans-
fer curves of a c-LEFET and the uncoupled reference matched even down to 170K
(Figure 8.18a). Also, the temperature-dependent reduction of the field-effect mobility
and the extracted activation energies for thermally activated hopping (Equation 2.17)
showed no difference between c-LEFET and reference (Figure 8.18b). The obtained
activation energies (38meV and 46meV for electrons and holes) were in agreement
with values for related copolymers in the literature.115,135,421 Overall, a charge transport
enhancement by strong coupling seems to be absent in these c-LEFETs.
(a) (b)
Figure 8.18.: Low temperature transport measurements of DPPT-BT cavity-LEFETs.
(a) Transfer characteristics for ELP − EX =−163meV and the reference without cavity at
temperatures of 300-200K. (b) Temperature dependent hole and electron mobility. The data
was fitted to an Arrhenius equation to extract the activation energy EA.
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8.7. Summary and Conclusion
The integration of a LEFET into a Fabry-Pérot microcavity created electrically pumped
exciton-polaritons in (6,5) SWNTs and in the donor-acceptor copolymer DPPT-BT. Both
nIR-emitting materials provide a large oscillator strength and high charge carrier mo-
bilities for strong coupling and electrical pumping, respectively. Exciton-polaritons
exist for a large range of negative and positive cavity detuning with a relative coupling
strength for DPPT-BT of up to 30%, i.e., ultrastrong coupling. Polaritonic emission
in the strong and ultrastrong coupling regime combines several desirable features:
Depending on the detuning, the emission was either directed forward within ± 20°
(negative detuning) or nearly angle-independent with very low color shift in a cone of
± 40° (positive detuning). Due to the photonic character of polaritons, the broadband
emission of DPPT-BT could be significantly narrowed.
The unique architecture of the LEFET enables decoupling of the cavity resonance
from the charge transport and charge injection. Therefore, charge transport remained
unaffected while it was easy to change the detuning by the thickness of an oxide
spacer layer. The polariton emission could be shifted over a large spectral range
of 1012-1538 nm. Detuning to certain phonon modes seems to increase the already
bottleneck-free relaxation into the polariton states and thus the emission efficiency. The
electroluminescence efficiency was improved by a factor of 2.5 in (6,5) SWNT c-LEFETs.
The c-LEFET structure also enables charge accumulation in the emitter layer and thus
electrical tuning of the coupling strength.
The c-LEFETs were operated at room temperature and under ambient conditions and
provided electrically pumped polaritons with thermalized occupancy. The high mobili-
ties of both SWNTs and DPPT-BT were unaffected by the presence of strong light-matter
hybridization, generating large currents and high brightness. Strong coupling was
maintained and unchanged at high current densities of >10 kA · cm−2. Polariton lasing
might become achievable by increasing the quality factor of the cavity with suitable DBR
feedback mirrors and by raising the pump rate for higher polariton density. However,
future investigations into the exact contributions to the LP population mechanisms
are required for a thorough understanding and tailored efforts towards undisturbed
relaxation for polariton lasing.
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The light-emitting field-effect transistor (LEFET) combines the switching capabilities of
transistors with the light emission features of organic light-emitting diodes (OLEDs).
In this work each constituent of an LEFET was optimized for low voltage and high
brightness operation, serving as a base for additional optically active components that
enable tailored and enhanced emission.
In order to operate LEFETs at high currents and deliver high brightness electrolumi-
nescence, the voltage loss of each component was investigated. A hybrid dielectric
composed of an oxide and a polymer interlayer was found to reduce the gate voltage
required for high currents. While the high dielectric constant of the oxide layer enabled
the accumulation of a large charge carrier density at low gate voltages, the very thin
polymer interlayer maintained a trap-minimized interface with the semiconductor and
enables charge transport. In addition, the thin dielectric (<90 nm) prevented destructive
interference of the nIR emission. The lower permeability for water vapor and oxygen
of the oxide compared to polymer dielectrics provided an intrinsic encapsulation such
that even water-dispersed PEDOT:PSS could be used as a gate electrode without device
degradation.
As the next component, gold electrodes were compared to mixed carbon nanotube
(CNT) electrodes and CNT-decorated gold electrodes. For wide bandgap polymers such
as F8BT, the CNT electrodes improved charge injection owing to their one-dimensional
structure. In contrast to that, the limits of CNT electrodes manifested themselves as
lower currents in a high-mobility semiconductor made of (6,5) single-walled carbon
nanotube (SWNT) networks due to a smaller number of electrode-semiconductor nan-
otube contacts and localized charge injection. Moreover, the electrode and interconnect
resistance dominated the transistor performance over the channel resistance of the
semiconductor. While LEFETs with low-mobility semiconductors gain significantly
from CNT electrodes, gold electrodes are preferred for high-mobility materials.
The third and most critical component for an LEFET is the emitter layer. I compared
the charge transport and emission properties of four donor-acceptor polymers with a
similar backbone structure, including related electron accepting and electron donating
moieties. Due to their narrow bandgap, these polymers had a low energy barrier for
ambipolar charge injection of holes and electrons. All of them displayed balanced hole
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and electron mobilities within 0.02-0.7 cm2 ·V−1 · s−1, which is orders of magnitude
higher than for the polymer F8BT. The highest mobilities were measured in DPPT-
TT and DPPT-BT, providing high driving current densities for electrical pumping of
LEFETs while keeping the charge carrier density low. At the same time, the narrow
bandgap resulted in nIR emission. The emission efficiency of electrically and optically
excited excitons correlates with the HOMO-LUMO gap due to a higher energy loss to
phonons with a decreasing energy gap. Since the molecular features that promote high
mobility (rigid backbones, large persistence length, delocalized HOMO and LUMO
orbitals along the backbone) also favor a narrow bandgap (nIR emission) and thus
non-radiative losses, it remains unclear if low emission efficiencies can be decoupled
from high mobilities in a single polymer. The presence of charge carriers in the emission
zone led to polaron quenching and decreased the efficiency. This issue seems to be
more relevant for high-mobility polymers and a major factor contributing to the low
electroluminescence efficiency.
In order to increase the efficiency and tune the emission spectrum without sacrificing
mobility, plasmonic nanostructures and microcavities were integrated with LEFETs. The
metal antennas and feedback mirrors were located in or below the transistor channel,
respectively. DPPT-BT and (6,5) SWNTs were selected as model emitters. The charge
transport in both materials remained unaffected by the optical resonators, even at
ultrastrong coupling conditions. This observation underlines an advantage of LEFETs
over OLEDs: The charge transport is decoupled from the resonators.
Gold nanorods (AuNR) were patterned with the active LEFET channel. The near-
field interaction between electrically generated excitons in DPPT-BT and the localized
surface plasmon resonances of the AuNR created emission enhancement via the Purcell
effect. Variation of the size of the AuNR antennas spectrally tuned the photo- and
electroluminescence enhancement. The AuNR resonance was either tuned to the peak
of the polymer emission spectrum, i.e., in resonance with the higher intensity emission
but also experiencing higher self-absorption, or to the low energy flank of the emission
spectrum, resulting in a higher but more wavelength-dependent enhancement. At
high current densities, the peak electroluminescence enhancement factors reached 2.75 ,
whereas even higher spectrally averaged enhancement factors of up to 4 were obtained
at lower currents. The emission enhancement shows the potential of LEFETs as a
platform for electrical pumping of plasmons. Selective, voltage-controlled coupling
to plasmons was achieved by patterning the nanoantennas in part of the channel and
precisely locating the emission zone into or next to the antenna area via the applied gate
voltage.
Collective resonances of periodic nanoantenna arrays represent an advance over ran-
domly oriented AuNRs. Such plasmonic crystals exhibit much narrower absorption
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spectra as a result of the mixed photonic-plasmonic character of the surface lattice reso-
nances (SLRs). Consequently, the quality factor of gold nanodisk (AuND) plasmonic
crystals ranged between 20 and 60, compared to 4 for AuNRs. AuND arrays were inte-
grated into the LEFET channel, enabling the coupling of excitonic emission of DPPT-BT
and (6,5) SWNTs to the SLRs. Successful application of the two very different emitters in
the same device shows the versatility of the concept. Especially for broadband emitters
such as DPPT-BT, the emission spectrum was significantly narrowed due to the SLR’s
photonic character. The emission depended on the periodicity and size of the nanodisks
but also followed the angle-dependent spectral shift of the lattice diffraction order.
Hence, the emission peak could be tuned simultaneously by the detection angle and
by the pitch of the plasmonic crystal. The latter effect would eliminate the need to
process multiple emitters in multi-band optoelectronic devices. Filling the channel with
three parallel plasmonic crystals revealed the limits of this concept: While selective
addressing of each narrow plasmonic crystal was possible, only wide plasmonic crystals
reached spectrally and angle-resolved enhancement factors of up to 4 for DPPT-BT
and 6.5 for SWNTs, clearly higher than for purely plasmonic coupling with AuNR.
Angle-integrated enhancement spectra confirmed the role of the Purcell effect, revealing
peak enhancement factors between 2 and 3 that are similar to the area averaged AuNR
enhancement.
Fabry-Pérot microcavities were subsequently investigated as resonators with higher
quality factors than plasmonic crystals and for changing the emission properties via
strong coupling. Optically and electrically generated exciton-polaritons were created by
strong coupling of the photonic cavity to the excitons of DPPT-BT and (6,5) SWNTs in
LEFETs and exhibited bottleneck-free emission from the lower polariton branch. The
large oscillator strength and film thickness of DPPT-BT enabled to enter the ultrastrong
regime with a coupling strength of 30% of the exciton energy in cavity LEFETs. Signifi-
cant spectral narrowing was achieved as a result of the partially photonic character of
exciton-polaritons, while simultaneously keeping the angular color shift at only 10meV.
The higher mobility of (6,5) SWNTs enabled high ambipolar pumping currents and
high emission intensity of exciton-polaritons. The high current density did not im-
pair the coupling strength. The coupling strength could be dynamically tuned from
strong to weak coupling in the device via charge carrier accumulation and ground state
bleaching of the emitter. By tuning the resonance of the cavity, the emission energy of
the exciton-polaritons can be varied in a significant range for both emitter materials.
Simultaneously, detuning varies the character of the polaritons from excitonic to pho-
tonic and thus the emission efficiency. The analysis of the factors contributing to the
external quantum efficiency of the polariton electroluminescence revealed the relaxation
efficiency to be the main limiting factor. The combination of tuning the cavity to the
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phonon sideband and a SWNT layer with high quantum yield generated very efficient
polariton emission with enhancement factors of up to 2.5. These efficient and electrically
pumped exciton-polaritons in devices that decouple charge transport from resonance
present an important step towards electrically pumped organic polariton lasers.
The past 20 years have seen a great efforts and progress regarding the optimization ofma-
terials and concepts for organic transistors. Despite the huge field of research on optics
and photonics, the integration of these structures in optoelectronic devices is still at its
infancy. LEFET-integrated plasmonic and photonic cavities could be useful for electronic
and optical components for mixed photonic-plasmonic-electronic circuits. A deeper
understanding of the performance-limiting processes such as polariton-quenching, vi-
brational contributions to non-radiative excitonic decay and available relaxation paths
for exciton-polaritons is required for device optimization. Temperature-dependent ex-
periments combining molecular vibration-based spectroscopy (FTIR, Raman, resonant
Raman, photoinduced absorption of infrared active vibrations), thermal conductivity
measurements (laser flash, 3ω), impedance spectroscopy and Seebeck-measurements
with the electrical characterization and nIR spectroscopy used here would be of great
value to understand the role of phonons.
In summary, the integration plasmonic antennas and microcavities with LEFETs does
only offer the application of light manipulation and strong coupling phenomena in
novel electronic devices, but also provides a complimentary tool to optical spectroscopy
that controls charge carriers and excitons in the vicinity of optical resonators. These
hybrid optoelectronic devices bear the potential to shed more light onto the interaction
between plasmonic, electronic and polariton states.
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A. Appendices
A.1. Hybrid dielectric model
A bilayer of a polymer and an oxide material is investigated in Chapter 4.2. Such a
bilayer hybrid dielectric can be approximated by a serial capacitor model, i.e., two
capacitors with the same area and charge density being connected in series.89 The
(thickness) fraction of the oxide layer Xoxide is defined as:
Xoxide =
doxide
doxide + dPMMA
⇔ dPMMA
doxide
=
1− Xoxide
Xoxide
(A.1)
The hybrid layer’s capacitance Chybrid yields the permittivity εhybrid of the hybrid layer
as a function of Xoxide:
Chybrid =
(
1
CPMMA
+
1
Coxide
)−1
=
εhybrid · ε0
dPMMA + doxide
⇒εhybrid = εPMMA · εoxideεoxide − (εoxide − εPMMA) · Xoxide
(A.2)
The breakdown characteristics (breakdown strength F, breakdown voltage V˜) can also
be modeled by a serial capacitor model, however differentiating two cases: For thin
oxide layers, the PMMA will determine the breakdown, i.e. the oxide breaks as soon
as the PMMA layer breaks down (case I), whereas for thick oxide layers the oxide will
dominate (case II). In any case, the PMMA layer will break first, because the condition
for this (Foxide · εoxide > FPMMA · εPMMA) is always fulfilled.
In case I, the breakdown strength as a function of Xoxide can be derived from the total
voltage V˜tot at breakdown, using the definition of Xoxide (Equation A.1), the capacitance
(Equation 2.14), breakdown strength (Equation 2.15) and the fact that the charge carrier
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density (Equation 2.16) at breakdown is equal in both capacitors (V˜oxide · Coxide = Q =
V˜PMMA · CPMMA). Combining the aforementioned equations results in:
V˜tot = V˜oxide + V˜PMMA = V˜PMMA ·
(
εPMMA
dPMMA
· doxide
εoxide
+ 1
)
= V˜PMMA ·
(
εPMMA
εoxide
· Xoxide
1− Xoxide + 1
)
⇒Fhybrid,I = V˜totdPMMA + doxide = FPMMA + FPMMA ·
(
εPMMA
εoxide
− 1
)
· Xoxide
(A.3)
The boundary condition for Equation A.3, i.e., for the oxide to break simultaneously
with the PMMA layer is (using Equation A.1):
V˜tot
dPMMA + doxide
≥ Foxide · doxidedPMMA + doxide ⇔
1
Xoxide
≥ Foxide
FPMMA
− εPMMA
εoxide
+ 1 (A.4)
This emphasizes that the oxide layer must be sufficiently thin compared to the PMMA
layer. If this condition is not met, the oxide layer will withstand the initial breakdown of
the PMMA and break at a higher voltage (case II), hence dominate the total breakdown.
Fhybrid,II =
V˜tot
dPMMA + doxide
= Foxide · doxidedPMMA + doxide = Foxide · Xoxide (A.5)
This simple model of the permittivity and breakdown strength of a bilayer hybrid
dielectric is applied in the Chapters 4.2.2 and 4.2.3.
A.2. Publications
Nearly all content of this thesis has been published previously in peer-reviewed journals
under a creative common license (CC BY-NC-ND 4.0). The publication marked with "†"
is an exception, for which I, as an author, obtained the permission to freely use content
and figures. Authors marked with "*" share the first authorship or contributed an equal
amount of experimental work.
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